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Mechanisms Shaping Excitatory Transmission at the  
Developing Retinogeniculate Synapse 
 
Abstract 
 
The retinogeniculate synapse, the connection between retinal ganglion cells (RGCs) and 
thalamic relay neurons, undergoes extensive remodeling and refinement in the first few 
postnatal weeks. While many studies have focused on this process, little is known about the 
factors that influence excitatory transmission during this dynamic period. A major goal of my 
dissertation research was to identify mechanisms that regulate glutamate release and clearance 
at the developing synapse. First, we investigated the role of glutamate transporters and 
metabotropic glutamate receptors (mGluRs) in shaping excitatory transmission. Early in 
synapse development, we found that presynaptic group II/III mGluRs are present and are 
activated by glutamate released from RGCs following optic tract stimulation at natural 
frequencies. This response was found to diminish with age, but glutamate transporters 
continued to shape synaptic currents throughout development. The finding that glutamate is 
able to escape the synaptic cleft and bind extrasynaptic high-affinity mGluRs led us to speculate 
that glutamate might also diffuse to neighboring synapses and bind ionotropic glutamate 
receptors opposing quiescent release sites. Excitatory currents recorded from immature, but not 
mature, retinogeniculate synapses display a prolonged decay timecourse. We found evidence 
that both asynchronous release of glutamate as well as spillover of glutamate between 
neighboring synapses contributes to slowly decaying synaptic currents. Furthermore, we 
uncovered and characterized a novel, purely spillover-mediated current from immature relay 
neurons, which strongly supports the presence of glutamate spillover between boutons of 
different RGCs. These results indicate that far more RGCs contribute to relay neuron firing than 
would be predicted by the anatomy alone. Finally, in an ongoing study, we investigated the 
functional role of the neuronal glutamate transporter GLT-1 at the immature retinogeniculate   iv 
synapse. While GLT-1 has been found in both neurons and glia, excitatory currents at the 
retinogeniculate synapse were largely unaffected in mice lacking neuronal GLT-1, suggesting 
non-neuronal glutamate transporters are responsible for the majority of glutamate removal from 
the developing synapse. Taken together, these results provide insight into the synaptic 
environment of the developing retinogeniculate synapse and identify a number of mechanisms 
that shape excitatory transmission during this period of synaptic maturation and refinement. 
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INTRODUCTION 
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INTRODUCTION 
Synapses are specialized connections between neurons that allow one neuron to communicate 
with another. Synaptic transmission, the signaling between neurons, is one of the fundamental 
processes of the nervous system. The average neuron in the human brain is estimated to make 
and receive thousands of these connections, and with 10
11 neurons in the central nervous 
system (CNS), there are a thousand-fold more synapses in our brain than there are stars in our 
galaxy (Kandel et al., 2000). Considering the enormous number of neurons and synaptic 
connections in the nervous system, a critical task of the developing brain is to ensure their 
correct wiring. Often, the initial formation of these connections is imprecise and redundant. 
However, over time, neural circuits undergo significant refinement, resulting in the mature 
connectivity that ultimately carries out all the functions of the adult brain, from simple reflexes to 
perception and learning. 
 
To understand the processes involved in the proper development of synaptic connections, one 
must first consider some of the dynamic mechanisms responsible for shaping synaptic 
transmission. After initial neuronal differentiation, migration, and axon guidance, the immature 
contacts undergo further modifications based on both spontaneous neuronal activity and 
sensory experience (Katz and Shatz, 1996; Huberman, 2007; Blankenship and Feller, 2010; 
Hong and Chen, 2011). Examining the mechanisms that sculpt early synapses and the 
functional significance of synaptic differences over development provides the groundwork to 
identify potential mechanisms governing plasticity of an established circuit. In addition, work 
over the last several years has made it increasingly clear that the basis of many neurological 
and psychiatric disorders are linked to defects in the structure and/or function of synapses 
(Cohen and Greenberg, 2008), further underscoring the reach and potential of basic synaptic 
research. 
   3 
Part I: Chemical Synapses 
Chemical synapses can be divided into three compartments based on anatomy: the presynaptic 
terminal, the synaptic cleft, and the postsynaptic cell. The presynaptic terminal contains 
neurotransmitter-filled vesicles poised for release from a specialized region called the active 
zone. When an action potential invades the terminal, it triggers the opening of voltage-gated 
calcium channels. Rapid influx of calcium through these channels increases the probability of 
vesicle fusion to presynaptic membranes and neurotransmitter exocytosis. Once released from 
the presynaptic membrane, neurotransmitter diffuses across the synaptic cleft, binds receptors 
and channels in the opposing postsynaptic density (PSD) of the target cell, and influences the 
membrane potential of the postsynaptic cell through the opening or closing of channels. The 
synaptic response is then terminated by removal of neurotransmitter from the synaptic cleft, by 
diffusion, transmitter uptake, or enzymatic breakdown.  
 
In the CNS, glutamate is the major neurotransmitter responsible for fast excitatory transmission. 
Glutamate binds two major classes of receptors: ligand-gated ion channels and metabotropic 
glutamate receptors (mGluRs). Fast excitatory transmission is mediated through non-selective 
cation ligand-gated channels (Dingledine et al., 1999), while the more modulatory influences of 
glutamate are mediated through mGluR-G protein-coupled receptor signaling (Pin and Duvoisin, 
1995). Several features influence the strength of a synapse. The size of the postsynaptic 
response is determined by the number of release sites (N), the probability of vesicle release 
(PR), and the quantal response, the amplitude of the postsynaptic response following release of 
a single vesicle (Del Castillo and Katz, 1954). While the original work describing synaptic 
transmission was performed using the squid giant axon and at the large peripheral synapse of 
the neuromuscular junction formed between motor neuron axons and skeletal muscles (Katz 
and Miledi, 1965), advances in the patch-clamp technique now (Neher and Sakmann, 1976) 
allow for the recording of central neurons in their intact synaptic environments. Using this   4 
technique, the time course of signaling has been shown to vary considerably between different 
synapses (Jonas, 2000). When one considers the remarkable number of synapses in the brain, 
it is no surprise that there exists such diversity of contacts. Investigating their similarities and 
differences has built a foundation for understanding the basic functional unit of nervous system 
organization. Based on extensive work over the last several decades, we can begin to 
appreciate some of the major sources of this diversity.  
 
Here, I briefly outline some of the mechanisms that are known to shape the time course of 
excitatory glutamatergic signaling in the CNS, roughly based on the anatomical location of the 
synapse. Next, I introduce an essential synapse in the visual system, the retinogeniculate 
synapse, which is the connection between retinal ganglion cells (RGCs) of the eye and relay 
neurons in the lateral geniculate nucleus (LGN) of the thalamus. The retinogeniculate synapse 
has been a very important model system for studying functional changes in synaptic strength 
over development. While numerous studies have focused on the process of synaptic refinement 
at the retinogeniculate contact, less is known about the mechanisms responsible for shaping 
excitatory transmission at the immature synapse. One of the major goals of my thesis work was 
to explore the immature retinogeniculate synaptic environment and to investigate the 
mechanisms responsible for shaping excitatory transmission during a dynamic period of 
synapse development. 
 
The Presynaptic Release of Neurotransmitter 
The evoked release of neurotransmitter is contingent on several events: the invasion of an 
action potential into the presynaptic terminal, the opening of voltage-gated calcium (Ca
2+) 
channels and subsequent Ca
2+ influx into the terminal, and the binding of Ca
2+ to calcium 
sensors associated with release machinery which ultimately triggers the exocytosis of 
transmitter. All of these events occur within a synaptic delay of less than a millisecond (Sabatini   5 
and Regehr, 1999). Essential to the release process is the influx of Ca
2+ into the presynaptic 
terminal. Therefore, mechanisms that alter the concentration or time course of Ca
2+ in the 
terminal influence the dynamics of transmitter release and thereby shape the time course of the 
postsynaptic response. 
 
Two types of evoked release have been described in the CNS: synchronous and delayed 
(asynchronous) release. Synchronous release is driven by high concentrations of Ca
2+ (Ca
2+
local) 
near open channels, whereas asynchronous release is driven by residual Ca
2+ (Ca
2+
res), in the 
latter case additional quantal or multiquantal release can persist for several milliseconds 
(Kaeser and Regehr, 2014). While a majority of CNS synaptic release is synchronous, high-
frequency patterns of presynaptic activity can cause the build-up of Ca
2+
res and lead to increased 
asynchrony (Zengel and Magleby, 1981; Zucker and Lara-Estrella, 1983; Sakaba, 2006). In 
addition, broadening of the action potential waveform, especially during its repolarization phase, 
can prolong Ca
2+ entry into the presynaptic terminal and reduce synchrony. The shape of the 
action potential, its amplitude and width, has been shown to vary considerably in the CNS, and 
the resulting effects on Ca
2+ influx support the idea that these differences can affect the timing 
and strength of synaptic transmission (Sabatini and Regehr, 1999; Geiger and Jonas, 2000; 
Bean, 2007). 
 
Another mechanism that can influence the release of neurotransmitter is the physical distance 
between the Ca
2+ channels and the Ca
2+ sensors associated with the vesicular release 
machinery. For example, at the young calyx of Held, a large glutamatergic synapse in the 
auditory system, the distance between Ca
2+ channel and sensor is larger early in development 
than later (Fedchyshyn and Wang, 2005). Corresponding with a change in coupling distance 
from loose (“microdomain”) to tight (“nanodomain”) is an increase in the strength and efficiency 
of synaptic transmission with age (Eggermann et al., 2012). More recently this phenomenon has   6 
been shown to occur at a mature hippocampal synapse, the mossy fiber to CA3 pyramidal 
neuron contact (Vyleta and Jonas, 2014). Here, loose coupling of the calcium channels and 
sensors allows the probability of release to be influenced by endogenous Ca
2+ buffers in the 
terminals (Vyleta and Jonas, 2014). Therefore, the spacing of calcium channels and the 
presence of endogenous calcium buffers and/or calcium reuptake mechanisms can all influence 
neurotransmitter release, and therefore the shape of excitatory currents in the CNS, both during 
development and in mature circuits.  
 
Presynaptic Ca
2+ entry into the terminal can also be modulated by activation of a number of 
other pathways, including presynaptic cannabinoid type 1 receptors (Wilson and Nicoll, 2001; 
Foldy et al., 2006), GABAB receptors (Dittman and Regehr, 1996; Isaacson, 1998), adenosine 
receptors (Dittman and Regehr, 1996), muscarinic receptors (Howe and Surmeier, 1995), 
serotonin receptors (Chen and Regehr, 2003), and metabotropic glutamate receptors (Glaum 
and Miller, 1995; Min et al., 1998). These pathways can reduce or increase the influx of Ca
2+ 
into the presynaptic terminal, and, acting through direct or indirect G-protein mediated 
mechanisms, decrease or enhance the probability of transmitter release. 
 
The Time Course of Glutamate in the Synaptic Cleft 
Once the vesicles fuse and release their contents into the synaptic cleft, the time course and 
concentration of glutamate in the cleft can influence the excitatory response of the postsynaptic 
cell. In cultured hippocampal neurons the peak concentration of glutamate in the cleft can reach 
approximately 1 mM and decay with a time constant of 1 ms (Clements et al., 1992), another 
CNS synapse, the climbing fiber to Purkinje cell synapse, release of multiple vesicles can cause 
the peak glutamate concentration in the cleft to reach as high as 10mM (Clements et al., 1992; 
Wadiche and Jahr, 2001). In the peripheral nervous system, at the neuromuscular junction, the 
neurotransmitter acetylocholine is enzymatically broken down in the cleft, thereby terminating its   7 
influence on the muscle. However, at excitatory glutamatergic synapses in the CNS, no such 
enzymes are present to remove active transmitter. Rather, the concentration profile of glutamate 
is determined by two major mechanisms: clearance through diffusion and removal by high-
affinity glutamate transporters. 
 
Diffusion of glutamate across the narrow synaptic cleft (~20 nm) only takes tens of 
microseconds (Sabatini and Regehr, 1999). However, synapse geometry can have a major 
influence on diffusion (Bergles et al., 1999). Simple morphology and extensive extracellular 
space surrounding small synaptic contacts facilitate rapid clearance of glutamate by diffusion. 
Conversely, broad contacts with multiple release sites surrounded by dense extracellular space 
or glial sheaths impede transmitter diffusion and prolong the time course of glutamate binding to 
postsynaptic receptors (Sykova and Nicholson, 2008). A prime example of the latter is the 
mossy fiber- unipolar brush cell contact of the cerebellum, where glutamate becomes trapped in 
the cleft and causes dramatically prolonged synaptic currents (Kinney et al., 1997). Interestingly, 
changes in synaptic anatomy have been shown to contribute to the developmental acceleration 
of postsynaptic currents. At the mossy fiber-granule cell synapse in the cerebellum, 
developmental changes in the size and location of the postsynaptic density and surrounding 
neuropil underlie the speeding of currents with age (Cathala et al., 2005). In addition, in the rat 
hypothalamic supraoptic nucleus, glutamate clearance and activation of extrasynaptic receptors 
is determined by the extent of glial coverage (Oliet et al., 2001). Therefore, physically impeding 
glutamate escape into the extrasynaptic space can have a significant influence on synaptic 
transmission by prolonging the activation of both metabotropic and ionotropic glutamate 
receptors.  
 
Fast excitatory synaptic transmission is often thought to occur in a “point-to-point” manner, 
where release of glutamate from a single active zone diffuses across the cleft to exclusively bind   8 
to directly opposing ionotropic receptors in the postsynaptic density. This impression of 
transmission is often disregarded particularly at synapses with multiple closely arranged release 
sites (Sykova and Nicholson, 2008). Closely spaced release sites with high probability of 
release can increase the chances of glutamate pooling or spillover between release sites, or 
even between independent synaptic contacts. In addition, prolonged, high concentrations of 
glutamate can be reached through the concomitant release of multiple vesicles from a single 
release site, termed multivesicular release, or following trains of stimuli (Trussell et al., 1993; 
Carter and Regehr, 2000; Wadiche and Jahr, 2001; Rudolph et al., 2011). Thus, the 
concentration and spread of glutamate within the synaptic microenvironment can influence the 
extent of receptor activation and the time course of the postsynaptic response. 
 
In addition to diffusion, the removal of glutamate through high-affinity glutamate transporters 
contributes to the time course of peak glutamate concentration at the synapse (Diamond and 
Jahr, 1997). One major role of glutamate transporters is to maintain low concentrations of 
ambient glutamate (approximately ~25 nM; (Herman and Jahr, 2007). The location and density 
of glutamate transporters matter, as several studies have now shown that glutamate 
transporters can limit the extent of glutamate spillover to neighboring synapses and the 
activation of extrasynaptic receptors. At climbing fiber to Purkinje cell synapses of the 
cerebellum, Bergmann glial cells closely oppose contacts and prevent glutamate spillover 
between release sites. In addition, also in the cerebellum, neuronal glutamate transporters 
shield activation of postsynaptic mGluRs, thereby influencing synaptic plasticity (Brasnjo and 
Otis, 2001; Wadiche and Jahr, 2005). At hippocampal synapses, neuronal glutamate 
transporters have been shown to regulate glutamate clearance and activation of extrasynaptic 
receptors through glutamate buffering as well (Diamond, 2001; Scimemi et al., 2009). 
   9 
Therefore, glutamate clearance from the synaptic cleft, through diffusion, buffering or reuptake 
by high affinity glutamate transporters, can influence the extent to which both metabotropic and 
ionotropic glutamatergic receptors are activated, shaping the time course of synaptic 
transmission in CNS synapses.  
 
Properties of Postsynaptic Receptors 
The shape of the postsynaptic response is also influenced by the composition and properties of 
postsynaptic receptors. Three major classes of ionotropic glutamate receptor channels are 
found postsynaptic to excitatory synaptic terminals: !-amino-3-hydroxy-5-methyl-4-isoxazolepro- 
pionic acid receptors (AMPARs), kainate receptors (KARs) and N-methyl-D-aspartate receptors 
(NMDARs)(Dingledine et al., 1999) Most excitatory synapses in the CNS contain both 
postsynaptic AMPAR and NMDARs. Not many synapses have postsynaptic KAR, although 
KARs are sometimes present on presynaptic terminals (Chittajallu et al., 1996).  
 
AMPA receptors are composed of four subunits: GluA1 -4 (Dingledine et al., 1999). The fast 
component of excitatory postsynaptic currents (EPSCs) in neurons is mediated by the low 
affinity AMPARs, whereas the slower decay of the EPSC is mediated by NMDARs. Since 
AMPARs have a much lower affinity for glutamate than NMDARs, glutamate unbinds rapidly 
from these receptors, which quickly close in a process called deactivation (Dingledine et al., 
1999). Even if glutamate is not removed from the cleft, AMPARs close and become 
desensitized, no longer responding to additional exposure of glutamate until they have 
recovered (Raman and Trussell, 1992). The majority of AMPAR channels are permeable to both 
sodium and potassium cations but are impermeable to calcium. Posttranscriptional editing of the 
GluR2 mRNA causes a single amino acid change that renders these channels impermeable to 
calcium, but a fraction of AMPA receptors lack the GluR2 subunit and are calcium permeable. 
The expression of calcium permeable and impermeable AMPARs has been shown to change   10 
with age at some synapses (Ho et al., 2007; Takeuchi et al., 2012; Hauser et al., 2014). Another 
developmental change that occurs at a number of synapses is the ratio of AMPARs to 
NMDARs, with the number of AMPARs in the postsynaptic membrane increasing there is an 
increase in the quantal response to glutamate (Hsia et al., 1998; Chen and Regehr, 2000). 
 
NMDARs, unlike AMPARs, have a much higher affinity for glutamate and slower channel 
kinetics. A classic experiment showed that NMDARs can stay activated even hundreds of 
milliseconds after glutamate is removed from the extracellular solution (Lester et al., 1990). 
NMDARs are composed of four subunits: two obligatory GluN1 subunits that bind glycine, 
combined with two GluN2 (A-D) subunits that bind glutamate (Dingledine et al., 1999). Glycine 
is often present in saturating concentrations, so glutamate is the neurotransmitter required for 
receptor activation. NMDARs have been termed ‘coincidence detectors’ because they display 
voltage-dependent block by extracellular Mg
2+ ions. In order for current to flow through the 
receptor there must be both the presynaptic release of glutamate and sufficient depolarization of 
the postsynaptic membrane to relieve the Mg
2+ block. Different GluN2 subunits display varying 
sensitivities to Mg
2+ block, with NR2C/D subunits being less sensitive than NR2A/B (Kirson et 
al., 1999; Misra et al., 2000). In addition, high affinity to glutamate predisposes NMDARs to 
saturate at some CNS synapses when there are fewer receptors available following repeated 
exposure to glutamate. In fact, both receptor desensitization and saturation have been shown to 
shape short-term plasticity at the mature retinogeniculate synapse (Chen et al., 2002; 
Budisantoso et al., 2012). 
 
Taken together, several mechanisms in the presynaptic membrane, the synaptic cleft, and 
postsynaptic membranes influence the shape of excitatory synaptic transmission. Differences in 
release, glutamate diffusion, and receptor composition all contribute to the astonishing diversity   11 
of synapses in the CNS. Moreover, many of these features are modified over development and 
serve as substrates of synaptic plasticity in the mature nervous system.  
 
PART II: The Retinogeniculate Synapse 
Essential to our understanding of the complexity of neural circuits in the adult brain is the 
investigation of how patterns of connectivity emerge over development. During the initial stages 
of development, synaptic connections undergo robust changes in strength and wiring 
(Huberman, 2007; Hong and Chen, 2011). The proper development of many neural circuits 
relies on the propagation of spontaneous activity throughout the network (Katz and Shatz, 1996; 
Kirkby et al., 2013), so information used to sculpt mature specificity is being relayed via 
immature synapses during this dynamic period of circuit formation (Mooney et al., 1996; Weliky 
and Katz, 1999; Furman and Crair, 2012). The visual system is one of the classical model 
systems used to understand this process.  
 
In the adult, a visual scene represented by patterns of photons is translated into patterns of 
spikes in retinal ganglion cells (RGCs). RGCs send their projections to relay neurons of the 
lateral geniculate nucleus (LGN) of the thalamus, which in turn project to primary visual cortex, 
where the cortical processing of visual information begins (Kandel et al., 2000). However, well 
before the onset of vision, spontaneous retinal activity propagates through the LGN to the 
developing cortex (Furman and Crair, 2012). The glutamatergic contact between RGCs and 
relay neurons of the LGN, the retinogeniculate synapse, has been shown to undergo extensive 
synaptic remodeling over the first four postnatal weeks (in mice). Three major stages of 
development have been described. First, RGCs originating from each eye project axons to 
overlapping territories in the LGN, with axonal arbors undergoing large-scale refinement and 
segregation into eye-specific zones by p8 in mice (Ziburkus et al., 2003; Jaubert-Miazza et al., 
2005; Huberman, 2007). This initial stage of refinement has been shown to require spontaneous   12 
activity, or retinal waves, in the form of high-frequency bursts synchronized among neighboring 
RGCs in the developing retina (Torborg and Feller, 2005; Blankenship and Feller, 2010). Eye-
specific segregation results from a competitive process of pruning inappropriate axonal 
branches and the growth of appropriately targeted axons (Huberman, 2007). 
 
After this initial eye-specific segregation, a second stage of robust functional synaptic 
remodeling occurs. During this stage, between p8 and p20, the number of RGCs that innervate 
each relay neuron dramatically declines, while the synaptic strength of the remaining inputs 
increases (Figure 1.1;(Chen and Regehr, 2000). While these first two stages have been shown 
to rely on spontaneous retinal activity, a third stage of refinement that requires visual experience 
occurs between p20 and 30. During this last stage, retinogeniculate inputs stabilize to their 
mature state (Hooks and Chen, 2006; Hong and Chen, 2011). Ultimately, the output of a relay 
neuron is dominated by a single RGC input, and the two cells share similar receptive fields 
(Tavazoie and Reid, 2000; Sincich et al., 2009). 
 
What synaptic mechanisms underlie the developmental changes in this visual circuit? Using 
minimal stimulation of the optic tract, it has been shown that the strength of a single fiber 
response increases from tens of picoamperes to nanoamperes following eye opening (Chen 
and Regehr, 2000). This coincides with a small but significant increase in quantal size (q), most 
likely due to the insertion of AMPARs with age. However, the most influential mechanism of 
synaptic strengthening that occurs at the retinogeniculate synapse is the re-arrangement of 
release sites. While the total number of release sites onto a given relay neuron does not 
significantly change with age, rearrangement of these release sites, such that they come from a 
few RGCs rather than many, significantly increases the strength of retinogeniculate contacts. In 
fact, at the mature retinogeniculate contact, presynaptic boutons of RGC axons make broad 
contacts onto the proximal dendrites of LGN relay neurons and contain multiple release sites for    13 
 
Figure 1.1: Functional development of the mouse retinogeniculate synapse 
(Top) Representative excitatory synaptic responses to incremental increases of optic nerve 
stimulation from p11, 17 and 28 mice. Currents are recorded while alternating the holding 
potential between Vn=-70 and +40mV to measure both AMPAR and NMDAR currents, 
respectively. (Bottom) Schematic representation of synaptic refinement drawn to symbolize the 
experimental data where a number of inputs of different strengths are represented by the sizes 
of the circles. With normal development, synaptic strength increases 20-fold and the afferent 
inputs decrease from many to few. Figure adapted from (Hong and Chen, 2011) 
 
 
glutamate—according to one estimate, an average of 27 release sites within a single RGC 
bouton in the adult LGN (Rafols and Valverde, 1973; Budisantoso et al., 2012). Further, new 
evidence from the Chen lab suggests that boutons of RGCs expand and cluster in a fashion that 
parallels the functional remodeling, and that the spatial organization of these boutons can 
respond to sensory experience (Hong et al. in revision). 
   14 
Despite the dramatic changes in synaptic connectivity and strength taking place during the first 
postnatal month, retinal activity propagates throughout the developing visual circuit (Mooney et 
al., 1996; Furman and Crair, 2012). This is somewhat surprising given that individual synapses 
are often too weak to reliably drive relay neuron firing alone (Seeburg et al., 2004; Liu and 
Chen, 2008). While several studies have focused on the synaptic refinement of this contact, less 
is known regarding the basic synaptic properties in place that influence synaptic transmission. 
The major objective of my dissertation research was to identify mechanisms at the immature 
retinogeniculate synapse that influence the shape of excitatory transmission during this dynamic 
period. 
 
Aim of this study 
This thesis investigates the properties of the developing retinogeniculate synapse that influence 
the concentration of glutamate at and around the synapse. Moreover, I address how these 
mechanisms influence the shape of relay neuron synaptic currents. To examine synaptic 
transmission at the retinogeniculate synapse, I used whole-cell patch clamp of relay neurons in 
an acute parasagittal mouse slice that preserves both the optic tract and the LGN. Using this 
preparation I addressed the following questions: 
(1) Are glutamate transporters present at the retinogeniculate synapse, and can they 
shape the time course of synaptic currents? 
(2) What role do metabotropic glutamate receptors play at the developing synapse? 
(3) Does spillover of glutamate occur early in development, and how extensive is the 
spillover (e.g. is there inter-bouton spillover)? 
(4) Does the glutamate transient change over development? And does the nature of 
glutamate spillover change with age?  
(5) Do changes in the subunit composition of ionotropic glutamate receptors account for 
the developmental acceleration of the synaptic current?   15 
(6) Is the glutamate transporter GLT1 expressed in neurons of the developing 
retinogeniculate synapse, and if so, does it shape the time course of the glutamate 
transient? 
(7) Is GLT1 expressed in glia surrounding the developing retinogeniculate synapse, and 
if so, does it shape the time course of the glutamate transient? 
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Brain dissection and Slice Preparation 
Postnatal day (p)8-34 C57/BL/6 mice (C57BL/6J from Jackson Laboratory, ME) of either sex 
were anesthetized with isoflurane inhalation and decapitated. All procedures were performed in 
accordance with federal guidelines and protocols approved by Boston Children’s Hospital. 
Dissecting scissors (World Precision Instruments) were used to make a single centerline cut 
through the base of the skull and brainstem extending over the olfactory bulb with the blade held 
laterally to minimize damage to the cortex while cutting the skull. A pair of forceps was used to 
remove the bone and expose the brain. Two coronal block cuts were made using a standard 
steel razor blade- one just caudal the olfactory bulb and the other rostral the cerebellum. 
Following these cuts the brain was removed and placed in ice cold choline-based dissection 
solution containing the following (in mM): 130 Choline chloride, 26 NaHCO3, 1.25 NaH2PO4, 
2.5 KCl, 7.0 MgCl2, 0.5 CaCl2 and 25 glucose (Sigma, St. Louis MO) that was saturated with 
95% O2 / 5% CO2. 
 
An additional block cut was made in a near parasagittal plane between the centerline and the 
left hemisphere at a 10° angle from the rostral midsagittal plane. The surface from this block cut 
was used as the surface glued to the vibratome cutting block, with the dorsal cortical surface 
upright. The cutting block used was a plexiglass wedge cut at an 18° angle. Brains were 
sectioned on a VT1000 Leica vibratome using a blade from Delaware Diamond Knives (DDK) 
that was previously found to improve cell viability. Parasagittal sections 250µm thick were cut 
using a relatively slow cutting speed at high frequency. The major advantage of this slice 
orientation is that it preserves a much greater amount of the optic tract fibers than a coronal 
slice. Moreover, it reduces the amount of contamination from corticothalamic fibers and 
brainstem inputs (Figure 2.1). It was originally described for rat in (Turner and Salt, 1998) and 
modified for mouse by Dr. Chen (Chen and Regehr, 2000). Following sectioning, acute slices   23 
were bathed in the choline cutting solution at 31°C for 20 minutes, and then normal aCSF at 
31°C for 20 minutes or until use.  
 
 
 
Figure 2.1: Acute Slice Preparation of the mouse LGN 
(A) Schematic illustration of the near parasaggital brain slice preparation (from Blitz and Regehr, 
2003) and (B) image of acute slice in similar orientation demonstrating placement of recording 
and stimulus electrode and modified to show retinal ganglion cell axons (green) and 
corticothalamic inputs (purple). (C, top) DiI-labelled (red) retinal ganglion cell axons from the 
contralateral eye enter the LGN (from Chen and Regehr, 2000), (bottom) schematic showing 
location of stimulating and recording electrodes, retinogeniculate axon (red), relay neuron 
(green) and where corticothalamic fibers enter the LGN (brown arrow). 
 
Whole Cell Recordings 
Electrophysiology. Whole-cell recordings of thalamic relay neurons were acquired using glass 
patch pipettes (1.0-2.0 M! resistance) filled with internal solution containing (in mM): 35 CsF, 
100 CsCl, 10 EGTA, 10 HEPES, the L-type calcium channel antagonist, 0.1 methoxyverapamil 
hydrochloride (Sigma, St. Louis, MO) and adjusted to 290-300 mOsm, pH 7.3 for voltage clamp 
experiments. This solution was designed to minimize the contributions from postsynaptic   24 
intrinsic membrane conductance and second messenger systems. Relay neurons were 
visualized using DIC optics (Olympus). Voltage clamp recordings were made using an Axopatch 
200B or Multiclamp 700A amplifier (Axon Instruments, Foster City, CA), filtered at 1kHz and 
digitized at 4-50 kHz with an ITC-16 interface (InstruTECH, Port Washington, NY). EPSCs were 
evoked by current pulses delivered to the intact optic tract (Figure 2.1) by a pair of aCSF filled 
glass micropipettes (Drummond Scientific, Broomall, PA), connected to a stimulus isolator 
(World Precision Instruments, Sarasota, FL), with intensities that ranged from 10-150 "A. The 
membrane potential of the relay neuron was clamped at either -70 mV or +40 mV (for AMPAR 
mediated EPSCs and NMDAR mediated EPSCs respectively) during stimulation of the optic 
tract, and was held at 0 mV between stimulation trials. For baseline recordings, optic tract was 
stimulated at a frequency of 0.025 Hz for NMDAR- EPSCs and 0.05 Hz for AMPA-EPSCs. To 
ensure consistent access resistance (Rs) of the recording electrode throughout the entire 
experiment, we monitored the peak amplitude of a brief (10 ms) hyperpolarizing test pulse (5 
mV) given prior to the optic tract stimulation. Rs was <10M! (average 5 M!), cells were 
excluded if RS changed more than 10% during an experiment. Most experiments were 
performed at 35 ± 1°C, temperature was controlled using an in-line heating device SH27B and 
Temperature controller TC324B (Warner Instrument, Hamden CT). 
Data Acquisition and Analysis.  Voltage-clamp recordings were acquired with a Multiclamp 700A 
amplifier (Axon Instruments, CA) filtered at 1 kHz and digitized at 10-20 kHz with an ITC-16 
interface (Instrutech, NY). Data analysis was performed using Igor software (Wavemetrics, OR), 
Excel (Microsoft, WA) and Prism (GraphPad Software, Inc.). All data are summarized as mean 
± SEM, using the two-tailed paired t-test unless otherwise indicated. 
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Solutions 
Table 2.1: External Solutions:         
 
 
 
Table 2.2: Internal Solutions 
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Table 2.3: Pharmacology 
 
 
 
Mice 
All experiments were approved by the institutional animal use and care committee at Boston 
Children’s Hospital and were in accordance with NIH guidelines for the humane treatment of 
animals. For the majority of the experiments, p8-35 C57BL/6J mice (Jax stock no. 000664) of 
either sex were used. While these mice are known to develop age related hearing loss (around 
10 months), they do not express any of the known mutations that lead to retinal degeneration. 
 
GLT-1 conditional knockout mice were generated in the lab of Dr. Paul Rosenberg. Briefly, loxP 
sites were inserted 217 bp upstream and 419 bp downstream of Slc1a2 gene exon 4. A 
previously established full GLT1 knockout showed that removal of exon 4 from Slc1a2 results in 
an mRNA transcript that prevents production of GLT-1 protein in the brains of mutant mice 
(Tanaka et al., 1997). To generate a neuronal knockout of GLT-1 male mice carrying the 
conditional GLT-1 knockout allele (GLT1
flox/flox), GLT1
flox/flox male mice were mated with female 
mice, also GLT1
flox/flox, that carried the synapsin I promoter-driven Cre recombinase allele,   27 
(Synapsin/Cre, (Rempe et al., 2006); Jax stock no. 003966). For control experiments, 
synapsin/Cre mice were crossed with c57bl/6 wildtype males. Detailed description of the 
generation and validation of neuronal- specific knockouts of GLT1 can be found in (Petr, Sun et 
al. submitted 2014). 
PCR 
PCR reactions were assembled for GLT1 and control gapdh using 4 µL of cDNA per reaction. 
P8 RGC cDNA was a generous gift from Dr. Allison Rosen Bialas. RGCs were acutely isolated 
using an immunopanning technique described in (Bialas and Stevens, 2013). 
Primer design: Primers for RT PCR reactions against GLT1 (SLc1a2) were designed to 
recognize the transcripts of all 3 variant mRNAs. To make sure primers did not recognize 
genomic DNA, they were designed over regions that spanned across exon/introns. Primers 
were ordered from IDT (Integrated DNA Technologies, Inc) and designed using sequencher 
(Gene codes corporation) and the Primer-BLAST tool available on the National Center for 
Biotechnology Information (NCBI) on-line resource. 
Forward primers for detecting GLT-1 
transcript: 
[F2]: 5’-GGGAAAAATCTCCTGCTCTCAC 
[F4]: CCTGCTCTCACTGACTGTGTTTG 
[F7]: CGGGAAGAAGAACGACGAG 
[F12]: GCCTGTTTCCAGCAGATTCAG 
 
 
Reverse primers: 
[B1]: GGCAATGATGGTCGTGGAC 
[B5]: AATCTGCTGGAAACAGGCTTG 
[B11]: GACCGCCTTGGTGGTATTG 
 
Primer pairing and predicted sizes 
[F2]&[B1] predicted size 270 bp 
[F4]&[B1] predicted size 259 bp 
[F7]&[B5] predicted size 100 bp 
[F12]&[B11] predicted size 84 bp  28 
Antibodies and immunocytochemistry 
To detect the presence of GLT-1 by light and electron microscopic (EM) immunocytochemistry, 
a monoclonal antibody directed against the C-terminus of GLT-1a (anti-GLT-a, 1:10,000) was 
used that was generously provided by Dr. Jeffrey Rothstein (Johns Hopkins University). EM 
experiments were performed by Dr. Chiye Aoki, (New York University) in collaboration with Paul 
Rosenberg (Boston Children’s Hospital). 
Procedures for electron microscopic detection of GLT-1. GLT-1
+/+ and GLT-1
-/- mice 
(Tanaka et al., 1997) were deeply anesthetized using urethane (i.p., 0.34g/g body weight), then 
euthanized by transcardial perfusion with 200ml of 0.1M phosphate buffer (PB, pH 7.4) 
containing 4% paraformaldehyde and 0.1% glutaraldehyde, delivered using a peristaltic pump 
set at a flow rate of 20ml/min. On the day after transcardial perfusion, brains were sectioned 
using a vibratome at a thickness setting of 50µm, then treated for 30min with 1% sodium 
borohydride in 0.1M PB within four hours after vibratome sectioning, so as to terminate the 
aldehyde fixation. After immersion for 30min, sections were rinsed repeatedly in 0.1M PB, so as 
to remove unreacted sodium borohydride. Vibratome sections containing the LGN of different 
genotypes of mice were cut on the same day, collected in 0.01M PB containing 0.9% sodium 
chloride (PBS), set at a pH 7.4. These vibratome sections were stored free-floating in a cold 
room (4
oC) in PBS containing 0.05% sodium azide as preservative.  
 
To visualize GLT-1-immunoreactive processes, vibratome sections were incubated overnight at 
room temperature under constant agitation in a buffer consisting of PBS-azide with 1% bovine 
serum albumin (BSA), together with the GLT-1 antibody at the following concentration: 
1:10,000. Unbound antibodies were removed by rinsing sections in PBS, then incubated for 1 
hour at room temperature in the PBS-azide/BSA buffer containing biotinylated goat anti-mouse 
IgG (Vector) at a dilution of 1:200. Sections were rinsed again, then incubated in the A+B   29 
solution from Vector’s ABC Elite kit. Following rinses in PBS to remove unbound secondary 
antibodies, sections were immersed in PBS containing 3,3’-diaminobenzidine HCl (DAB, 10mg 
tablets from Sigma Chem, dissolved in 44ml of PBS) The peroxidase reaction product was 
begun by adding hydrogen peroxide (4µl of 30% hydrogen peroxide per 44ml of DAB solution) 
and terminated at the end of 12 minutes by rinsing sections repeatedly in PBS. Vibratome 
sections were post-fixed using 2% glutaraldehyde in PBS.  
 
Following this immunocytochemical procedure, the vibratome sections were processed by a 
conventional electron microscopic procedure, consisting of post-fixation by immersion in 1% 
osmium tetroxide/0.1M phosphate buffer for 1 hour, then dehydrated using graded 
concentrations of alcohol, up to 70%, then post-fixed overnight using 1% uranyl acetate, 
dissolved in 70% ethanol. On the following day, dehydration continued up to 100%, then was 
rinsed in acetone, and infiltrated in EPON 812 (EM Sciences), which was cured by heating the 
tissue at 60
oC, while sandwiched between two sheets of Aclar plastic, with lead weights placed 
on top of the Aclar sheets, so as to ensure flatness of the EPON-embedded sections. These 
flat-embedded vibratome sections were re-embedded in Beem capsules (EM Sciences) filled 
with EPON 812, then ultrathin-sectioned at a plane tangential to the vibratome sections. The 
number of ultrathin sections collected from any one animal’s brain section depended on the 
natural curvature that the section took on, even while cured under lead weights. Usually, a 
minimum of ten ultrathin sections needed to be collected from each vibratome section, so as to 
ensure that the surface-most portions of the vibratome section, where immunoreactivity was 
expected to be maximal, were sampled for LGN. The ultrathin sections were collected onto 
formvar-coated, 400 mesh thin-bar nickel grids (EM Sciences).  
 
Quantification of the expression level of GLT-1 in presynaptic axon terminals and 
astrocytes. Digital electron microscopic images were captured from ultrathin sections by an   30 
experimenter that was kept blind about the genotype of the animal from which brain tissue was 
collected. Images were captured using a 1.2 megapixel Hamamatsu CCD camera from AMT 
(Boston, MA) from the JEOL 1200XL electron microscope. Images were captured strictly from 
regions of the ultrathin section where the vibratome section surface could be verified by the 
transition of neural tissue to purely EPON matrix. Asymmetric synapses were identified based 
on the cluster of round clear vesicles on the presynaptic side and the presence of prominently 
electron-dense postsynaptic densities (PSDs) along the intracellular surface of the membrane 
facing the vesicle-containing axon terminals. Once these asymmetric synapses were identified, 
the synapse was scored as containing the DAB reaction product within the axon terminal. 
Whenever present, the fine astrocytic processes that immediately abutted the asymmetric 
synapses were scored as exhibiting immunoreactivity or not. Other astrocytic processes in the 
same micrograph (5µm x 5µm in area, captured at a magnification of 40000x) were evaluated 
as containing or not containing DAB reaction product along the membrane or intracellularly.  
All axon terminals forming asymmetric synapses were analyzed, strictly in the order that they 
were encountered, so as to maximize randomness of sampling.  
 
Synaptosomal uptake of (
3H)-L-glutamate and (
3H)-D-aspartate.  
Sodium-dependent transport of (
3H)-L-glutamate and (
3H)-D-aspartate was measured as 
previously described (Petr et al., 2013) and performed by Jianlin Wang (Paul Rosenberg 
laboratory, Boston Children’s Hospital). Mice were anesthetized using ether, brains were 
removed, and the forebrain dissected, weighed and homogenized in 20 X ice-cold 0.32M 
sucrose. Samples were centrifuged at 800g for 10min at 4°C. The supernatant was poured into 
a fresh tube and centrifuged at 20,000g for 20min at 4°C. The pellet was then resuspended in 
40# ice-cold 0.32M sucrose and centrifuged at 20, 000g for 20min at 4°C. The washed pellet 
was then resuspended in 50 X ice-cold 0.32M sucrose by homogenization. The isolated crude 
synaptosomes were kept on ice and used immediately for uptake assay. Glass tubes containing   31 
450µl of buffer (in mM: NaCl, 140 or choline chloride, 140; KCl, 2.5; CaCl2, 1.2; MgCl2, 1.2; 
K2HPO4, 1.2; glucose, 10; Tris base, 5; HEPES, 10) with 10µM L-glutamate or D-aspartate 
(9.995 µM L-glutamate or D-aspartate and 0.005µM (
3H)-L-glutamate or (
3H)-D-aspartate 
(PerkinElmer, Boston, MA, USA]) were preincubated for 5min at 37°C in the absence or 
presence of inhibitors. Glutamate uptake into synaptosomes was initiated by adding 50µl of 
crude synaptosomes to each tube and incubating at 37°C for 30s. To stop uptake activity, 2ml of 
ice-cold choline buffer was added to the tube, vortexed and plunged into ice-water slurry. The 
samples were filtered through Whatman GF/C filter paper pre-wetted with 2ml choline buffer and 
then the filters were washed three times with 2ml choline buffer. Radioactivity on the filters was 
measured by liquid scintillation counting (TRI-CARB 2200CA, PACKARD; Long Island 
Scientific) the radioactivity taken up by the synaptosomes in the absence of sodium was 
subtracted from that taken up in the presence of sodium to isolate Na
+-dependent transport. 
Inhibitors of glutamate transporters DL-threo-$-Benzyloxyaspartic acid (TBOA) was obtained 
from Tocris Bioscience (UK), low affinity antagonists L-(+)-2-Amino-5-phosphonopentanoic acid 
(L-AP5) and %-D-Glutamylgycine (!-DGG) were purchased from Tocris Bioscience, MO. 
Nigericin (Sigma-Aldrich, USA) was used to isolate the net uptake component in the 
synaptosomal assay. To test nigericin sensitive uptake in synaptosomes, we pre-incubated the 
uptake system (uptake buffer and synaptosomes) with or without nigericin (3 µM) for 5 min at 
37°C, and then added 10µM glutamate (including 0.005 µM (
3H]-L-glutamate) into each reaction 
tube to start the uptake (37°C, 30s). 
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ABSTRACT  
Over the first few postnatal weeks, extensive remodeling occurs at the developing murine 
retinogeniculate synapse, the connection between retinal ganglion cells (RGC) and the visual 
thalamus. While numerous studies have described the role of activity in the refinement of this 
connection, little is known about the mechanisms that regulate glutamate concentration at and 
around the synapse over development. Here we show that interactions between glutamate 
transporters and metabotropic glutamate receptors (mGluRs) dynamically control the peak and 
time course of the EPSC at the immature synapse.  Inhibiting glutamate transporters by bath 
application of TBOA (DL-threo-Ќ-Benzyloxyapartic acid) prolonged the decay kinetics of both 
AMPAR and NMDAR-currents at all ages. Moreover, at the immature synapse, TBOA-induced 
increases in glutamate concentration led to the activation of group II/III mGluRs and a 
subsequent reduction in neurotransmitter release at RGC terminals. Inhibition of this negative-
feedback mechanism resulted in a small but significant increase in peak NMDAR EPSCs during 
basal stimulation, and a substantial increase in the peak with co-application of TBOA. Activation 
of mGluRs also shaped the synaptic response during high frequency trains of stimulation that 
mimic spontaneous RGC activity. At the mature synapse, however, the group II mGluRs and the 
group III mGluR7-mediated response are down-regulated. Our results suggest that transporters 
reduce spillover of glutamate, shielding NMDARs and mGluRs from the neurotransmitter. 
Furthermore, mechanisms of glutamate clearance and release interact dynamically to control 
the glutamate transient at the developing retinogeniculate synapse. !
!"%!
INTRODUCTION 
Fast excitatory neurotransmission in the CNS is primarily mediated by the presynaptic release 
of glutamate and its clearance from the synaptic cleft. At the retinogeniculate synapse, 
glutamate is released from RGCs onto thalamic relay neurons in the lateral geniculate nucleus 
(LGN). Over development, information is continuously relayed through this synapse to cortex 
(Akerman et al. 2002; Huttenlocher 1967; Krug et al. 2001; Moseley et al. 1988). Prior to eye 
opening, around postnatal day (P)12 in mice, information is encoded in correlated spontaneous 
retinal activity characterized by prolonged bursts of spiking reaching frequencies greater than 20 
Hz (Demas et al. 2003; Torborg et al. 2005). At this time, relay neurons receive synaptic 
contacts from more than ten RGCs (Chen and Regehr 2000; Jaubert-Miazza et al. 2005). 
Consistent with this immature circuitry and patterns of retinal activity, relay neurons are exposed 
to episodic barrages of glutamate lasting seconds at a time (Mooney et al. 1996). Little is known 
about the mechanisms present at the immature synapse that handle potentially high 
concentrations of glutamate. 
 
Two mechanisms of glutamate clearance are diffusion and removal or buffering of the 
neurotransmitter by high affinity glutamate transporters (Diamond and Jahr 1997; Tzingounis 
and Wadiche 2007). Glutamate concentration at the cleft can also be reduced through a 
metabotropic glutamate receptor (mGluR)-mediated decrease in neurotransmitter release (Conn 
and Pin 1997; Min et al. 1998; Oliet et al. 2001; Renden et al. 2005; Scanziani et al. 1997). The 
relative roles of these three mechanisms have been shown to change over development at 
other CNS synapses (Cathala et al. 2005; Renden et al. 2005; Thomas et al. 2011). For 
example, in the hippocampus, increased neuropil density with age impedes diffusion and 
corresponds with a greater role of glutamate transporters (Diamond 2005; Thomas et al. 2011). 
At the Calyx of Held, increased fenestration of the presynaptic terminal at older ages enhances 
diffusion and reduces the need for presynaptic mGluRs (Renden et al. 2005; Taschenberger et !
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al. 2002). At the developing rodent retinogeniculate synapse, ultrastructural studies show 
extensive extracellular space before P4. By P8, this space is replaced by neuropil, and ‘coarse 
glial processes’ are seen near RGC terminals (Aggelopoulos et al. 1989; Bickford et al. 2010). 
These structures are distinct from the adult synapse, where some glia form glomeruli around 
aggregates of presynaptic terminals (Budisantoso et al. 2012; Lieberman 1973; Rafols and 
Valverde 1973). At the mature synapse, diffusion is generally restricted to two dimensions 
because of the large contact size of the RGC bouton (Budisantoso et al. 2012). While the 
structural detail of the immature synapse has been described, little is known concerning 
glutamate transporter function or how glutamate release is regulated during bursts of retinal 
activity.  
 
Our results demonstrate that glutamate transporters actively shape synaptic currents at the 
retinogeniculate synapse. In addition, inhibiting transporters at the immature synapse leads to 
the activation of group II/III mGluRs that, in turn, decrease neurotransmitter release from RGC 
terminals. Frequencies that occur during retinal waves are sufficient to activate these mGluRs. 
Lastly, we show down regulation of this mGluR-mediated response with age suggesting 
neurotransmission is tightly controlled throughout this developmental period. 
 
MATERIALS AND METHODS 
Slice preparation and extracellular solutions.  Parasagittal slices (250 !m) that 
preserved optic tract and visual thalamus were prepared from P8-12 or P26-34 C57BL/6 or 
Black Swiss mice (Charles River, Wilmington MA or Taconic Farms, Germantown, NY) of either 
sex, as described previously (Chen and Regehr 2000) and in accordance with federal guidelines 
and protocols approved by Children’s Hospital Boston. Slices were prepared in ice-cold choline-
based dissection solution containing the following (in mM): 130 Choline chloride, 26 NaHCO3, 
1.25 NaH2PO4, 2.5 KCl, 7.0 MgCl2, 0.5 CaCl2 and 25 glucose. Slices were incubated in this !
!"'!
solution at 32
0C for 15-20 minutes followed by additional 10 minutes in artificial cerebral spinal 
fluid (aCSF) containing (in mM): 125 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 1.0 MgCl2, 
2.0 CaCl2, and 25 glucose (Sigma, St. Louis MO).  aCSF was adjusted to 310-315 mOsm. 
Slices were then transferred into the recording chamber superfused with aCSF at 2-3 mL/min. 
All experiments were performed at 35±1°C, unless otherwise indicated. aCSF and choline 
dissection solutions were saturated with 95% O2 / 5% CO2.  Slices were used for up to 5 hrs 
after preparation. Experiments were performed with aCSF containing: the "-aminobutyric acid 
type A (GABAA)-receptor antagonist bicuculline (20!M) or picrotoxin (Sigma, 50!M), the 
GABAB-receptor antagonist 3-N-[1-(S)-3,4-dichlorophenyl)ethyl]amino-2-(S)- hydroxypropyl-P-
benzyl-phosphinic acid (CGP55845, 2!M) and the A1 adenosine receptor antagonist 8-
Cyclopentyl-1,3-dipropylxanthine (DPCPX, 10!M). In order to isolate the NMDAR EPSC, 2,3-
Dihydro-6-nitro-7-sulfamoyl-benzol[f]quinozaline-2,3- dione (NBQX, 5!M) was included while 
holding the cell at +40mV. To isolate the AMPAR EPSC, we included 3-[(R)-2-carboxypiperazin-
4-yl]-propyl-1-phosphonic acid ((R)-CPP, 20!M) and D-(-)-2-Amino-5-phosphonopentanoic acid 
(D-AP5, 50-100!M) in the bath while holding the cell at -70 mV. For some experiments, AMPAR 
desensitization was inhibited by including 6-Chloro-3,4-dihydro-3-(5-norbornen-2-yl)-2H-1,2,4- 
benzothiazidiazine-7-sulfonamide-1,1-dioxide (cyclothiazide, 50!M) in the bath. To inhibit 
glutamate transport 10-50!M DL-threo-#-benzyloxyaspartic acid (TBOA) was added to the 
superfusion solution. These agents were also added depending on the experiment: the 
antagonist to metabotropic glutamate receptors (2S-2-amino-2-(1S,2S-2-carboxycycloprop-1-
yl)-3-(xanth-9- yl)propanoic acid (LY341495 50!M), agonists to group I, II, and III mGluRs, 
respectively: (S)-3,5-dihydroxyphenylglycine ((S)-DHPG, 1-10!M), (2R,4R)-4- aminopyrrolidine-
2,4,-dicarboxylate (APDC, 1-30!M), and L-(+)-2-amino-4- phosphonobutyric acid (L-AP4, 10-
50!M) and the low affinity NMDAR antagonist L-(+)-2-Amino-5-phosphonopentanoic acid (L-
AP5, 1mM).  Stock solutions of pharmacological agents were stored at -20°C and diluted !
!"(!
according to the final concentrations immediately prior to experiments. All pharmacological 
agents were purchased from Tocris, MO unless otherwise indicated.  
Electrophysiology. Whole-cell recordings of thalamic relay neurons were acquired using 
glass patch pipettes (1.1-1.7 MЊ resistance) filled with internal solution containing (in mM): 35 
CsF, 100 CsCl, 10 EGTA, 10 HEPES, the L-type calcium channel antagonist, 0.1 
methoxyverapamil hydrochloride (Sigma, St. Louis, MO) and adjusted to 290-300 mOsm, pH 
7.3. This solution is designed to minimize postsynaptic contributions to synaptic transmission. 
Cesium blocks K
+ channels and thus optimizes voltage-clamp, while EGTA and fluoride 
inactivate many second messenger systems. Relay neurons were visualized using DIC optics 
(Olympus). Voltage clamp recordings were made using an Axopatch 200B or Multiclamp 700A 
amplifier (Axon Instruments, Foster City, CA), filtered at 1kHz and digitized at 4-50 kHz with an 
ITC-16 interface (InstruTECH, Port Washington, NY). EPSCs were evoked by current pulses 
delivered to the intact optic tract by a pair of aCSF filled glass micropipettes (Drummond 
Scientific, Broomall, PA), connected to a stimulus isolator (World Precision Instruments, 
Sarasota, FL), with intensities that ranged from 10-150 !A. The membrane potential of the relay 
neuron was clamped at either -70 mV or +40 mV (for AMPAR mediated EPSCs and NMDAR 
mediated EPSCs respectively) during stimulation of the optic tract, and was held at 0 mV 
between stimulation trials. For baseline recordings optic tract was stimulated at a frequency of 
0.025Hz for NMDAR- EPSC and 0.05Hz for AMPA-EPSCs. To ensure consistent access 
resistance of the recording electrode throughout the entire experiment, we monitored the peak 
amplitude of a brief (10 ms) hyperpolarizing test pulse (-5mV) given prior to the optic tract 
stimulation.  Access resistances of relay neurons were <15 M$.!
Analysis. Data acquisition and analysis was performed using custom software written in 
IgorPro (Wave-Metrics, Portland, OR), Prism (GraphPad Software, Inc.) and Excel (Microsoft, 
Redmond, WA).  EPSCs were analyzed as the average of 5-10 waves.  The decay timecourse !
!#)!
of the AMPAR EPSC is well fit with a double exponential function f(x)= y0 +A1e(-x/!fast) + A2e(-
x/!slow), and is quantified as the weighted tau: != [!fast X A1/(A1 + A2)] +[!slow X A2/(A1 + A2)].  At 
the immature synapse, the slow component !s contributes to a significant component of the 
EPSC waveform (Liu and Chen 2008) and is the component most sensitive to TBOA. For 
experiments involving trains of stimuli, stimulus sets were performed using randomized, 
interleaved trains at frequencies of 10, 20 and 50 Hz. EPSC amplitudes following the first 
EPSC, EPSC2-5 were quantified as the difference between the peak EPSC and the baseline 
current immediately after the stimulus artifact. Data are summarized as mean ± SEM, using the 
two-tailed paired t-test unless otherwise indicated. 
 
RESULTS 
Glutamate  transporters shape the synaptic waveform at the immature 
retinogeniculate synapse 
To investigate the role of glutamate transporters at the immature retinogeniculate synapse we 
tested the effects of the competitive non-transportable blocker of glutamate transporters, TBOA, 
on acute slices prepared from P8-12 mice. Whole cell recordings were made with patch 
electrodes in voltage-clamp mode from relay neurons in the LGN, and synaptic responses were 
evoked by stimulating optic tract fibers (Chen and Regehr 2000). Figure 3.1 illustrates the 
effects of bath application of TBOA (50!M) while recording either NMDAR-mediated or AMPAR-
mediated EPSCs. 
 
When we inhibited glutamate transport with TBOA, the NMDAR-EPSC amplitude was reduced 
to 56 ± 4% of control (n=5, p=0.01) and the time course of decay was significantly prolonged 
(half-decay time (T1/2): 542.9 ± 156.9% of control, n=5, p<0.05, Figure 3.1A, C). The remaining  !
!#*!
 
Figure  3.1: Effects of TBOA at the immature retinogeniculate synapse. 
Excitatory postsynaptic currents (EPSCs) were measured before and during bath application of 
50!M TBOA. Traces from representative experiments are shown for (A, left), NMDAR- (Vh, 
+40mV) and (B, left) AMPAR-mediated EPSCs (Vh, -70mV); control (black line) TBOA (grey 
line). Time course of NMDAR- (A, right) AMPAR- (B, right) EPSC amplitudes before and during 
bath application of 50!M TBOA followed by respective antagonists. (C, left) Summary of the 
mean normalized amplitudes (± SEM) of both NMDAR- and AMPAR-EPSCs. (C, right) 
Summary of the effects of TBOA on EPSC decay shown as percentage of control. #, p<0.05.  
(D) Effects of TBOA on the holding current (Ihold) in response to a +40 mV step. Representative 
traces (left) and time course (right); control (thin line), TBOA (grey line) and NMDAR antagonists 
(dotted line). Recordings performed at 35±1°C. 
 !
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current in the presence of TBOA was blocked by NMDAR specific antagonists (Figure 3.1A, 
right).  
 
We found a similar effect of TBOA on the waveform of the AMPAR EPSC (Figure 3.1B,C). The 
peak amplitude of the AMPAR EPSC decreased to 54 ± 6% of control (n=5, p=0.001) and the 
time course of the current also slowed. The decay kinetics of the AMPAR EPSC at immature 
synapses is well described by a double-exponential relationship (Liu and Chen 2008). In the 
presence of TBOA, the time constant of the slow component (!s) increased to 430 ± 82% of 
control (n=5, p<0.05) and the current could be completely blocked by AMPAR specific 
antagonists (Figure 3.1B, right). The average effects of TBOA on the peak EPSC and the decay 
time courses of both NMDAR and AMPAR currents are compared in Figure 3.1C. 
 
These results demonstrate that glutamate transporters are present at the immature 
retinogeniculate synapse and that they actively remove glutamate during synaptic transmission. 
Slowing of the EPSC decay kinetics implies that reduced glutamate clearance results in either 
extended activation of glutamatergic receptors in the synaptic cleft and/or spillover to receptors 
further from the release sites. In addition, TBOA increased the relay neuron holding current 
elicited by a step depolarization from 0 to +40 mV (I hold) to 200 ± 30% of control (n=5, p<0.05). 
The difference in Ihold, with and without TBOA, can be attributed to increased basal activation 
of NMDARs because it is reversed with bath application of NMDAR antagonists (100!M DL-
APV and 20!M(R)-CPP, Figure 3.1D). Since NMDA antagonists do not block all of Ihold in control 
conditions, our results suggest that TBOA exposure increases ambient glutamate concentration 
by significantly more than 200%.  
 
 !
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Biphasic Synaptic Response to Glutamate Transporter Inhibition 
While an increase in ambient glutamate or glutamate spillover could explain the slowing of 
NMDAR current decay kinetics and the change in Ihold in response to bath application of TBOA, 
it does not explain the decrease in EPSC peak amplitudes. However, we noticed in some 
experiments, such as in Figure 3.1A, that there was often an initial transient increase followed 
by a reduction in the peak EPSC. Thus, we asked whether the decrease in peak EPSC was a 
secondary effect of elevated glutamate concentrations. To test this possibility, we took 
advantage of the fact that the activity of glutamate receptors (both metabotropic and ionotropic) 
is more temperature dependent than glutamate diffusion. We reasoned that we might be able to 
better appreciate the initial transient increase in NMDAR EPSC peak amplitude by recording at 
RT and by sampling more frequently. Figure 3.2A shows that at RT the time course of the peak 
EPSC amplitude following inhibition of glutamate transport consisted of two distinct phases. 
Immediately following the addition of TBOA, evoked NMDAR currents increased in amplitude 
and duration. Over the ensuing 2-5 minutes, however, the current decreased in amplitude, while 
maintaining slow decay kinetics. These observations could be explained by a mechanism 
wherein an increase in glutamate spillover and/or ambient glutamate concentration leads to a 
decrease in neurotransmitter release. Activation of metabotropic glutamate receptors (mGluRs) 
has been shown to decrease the probability of release at a number of synapses in the CNS 
(Baskys and Malenka 1991; Maki et al. 1994; Min et al. 1998; Oliet et al. 2001; Renden et al. 
2005; Scanziani et al. 1997; von Gersdorff et al. 1997). However little is known about the role of 
mGluRs at the immature retinogeniculate synapse. 
 
To test for the presence of mGluRs, we examined the effects of TBOA in the presence of an 
mGluR antagonist, LY341495 (LY) (Kingston et al. 1998). LY is a very selective antagonist to 
group II mGluRs at low concentrations, however, at higher concentrations, (50 !M), it has  !
!##!
 
Figure 3.2: Inhibition of group II / III mGluRs prevents TBOA-induced reduction in EPSC 
amplitude at the immature synapse. 
(A) Traces (left) and time course (right) of NMDA-EPSC responses recorded at RT before 
(black) and during (red: first minute, grey open: minute 2-3, grey filled: minutes 3-5) bath 
application of 50 !M TBOA followed by NMDAR antagonist, CPP. Stimulation frequency of 0.1 
Hz. (B) Representative traces (left) and time course (right) of NMDAR- EPSC responses in the 
presence of LY341495 (LY, 50!M) before (black line), during (red line) and after (grey dashed 
line) bath application of 10 !M TBOA. (C) NMDAR-EPSC traces (left) and time course (right) 
before (black line) and during (grey line) bath application of LY. (D) Summary of data, mean ± 
SEM. average T1/2 (ms):  87 ± 11 in LY vs. 185.4 ± 19.8 in LY and TBOA .#, p<0.05;  
**, p<0.01; ***, p<0.001.  Recordings in (B) and (C) performed at 35±1°C. !
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measureable effects on all mGluR groups (Linden et al. 2009).  In the following experiments we 
used a lower concentration of TBOA, since we found that bath application of 50!M TBOA often 
led to unstable recordings attributable to excessive changes in holding current. As with 50 !M 
TBOA, 10 !M TBOA effectively reduced the NMDAR peak EPSC (to 75±5% of control, n=7, 
p<0.05; data not shown); thus the previously described effect on the peak current is still present 
even with reduced TBOA concentration. In the presence of 50 !M LY we find that the inhibitory 
effect of TBOA on EPSC amplitude was prevented. Instead there was a lasting increase in peak 
EPSC to nearly 150% of control (147±8.6 % of control; n=6, p<0.01; Figure 3.2B,D). Despite the 
5-fold reduction in TBOA concentration, we still observed a doubling in NMDAR EPSC T1/2 that 
was reversed with washout of the transporter inhibitor (Figure 3.2B,D). We also find smaller 
changes in Ihold in the presence of 10!M TBOA compared to 50!M, which were reversible 
(TBOA: 147.8±12.6% of control n=6, p=0.01; Wash: 112.9 ± 17.7% of control n=5, p=0.4; data 
not shown). 
 
These results suggest that TBOA mediates the reduction in peak EPSC through accumulation 
of glutamate and subsequent activation of mGluRs. Application of LY alone had a small but 
significant effect on the NMDAR EPSC amplitude, but not T1/2, at baseline stimulation 
frequencies (peak increased to 116±5% of control, n=6, p<0.05; 0.025 Hz stimulation, Figure 
3.2C,D). Our baseline stimulation of the optic tract (0.025 Hz) is at a much lower frequency than 
the reported mean RGC firing rates of 0.3-0.45 Hz at ages P9-13 in mice (Demas et al. 2003; 
Torborg and Feller 2005). Thus we interpret these data to indicate that mGluRs can be activated 
by glutamate spillover and/or ambient glutamate and inhibit neurotransmitter release during 
physiological levels of RGC activity. 
 
 !
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Activation of Group  II / III mGluRs  regulate  neurotransmitter release at the immature 
retinogeniculate synapse 
We next sought to identify the class of mGluRs responsible for the decrease in EPSC amplitude 
seen with application of TBOA. Our finding that both AMPAR and NMDAR peak currents 
decreased to a similar extent in the presence of TBOA favors a presynaptic mechanism. 
Moreover, our experimental conditions were designed to minimize known postsynaptic effects of 
mGluR signaling (see Methods). Thus we examined the effects of specific mGluR agonists on 
synaptic strength and the paired pulse response (PPR) to address whether the probability of 
release was affected. At the retinogeniculate synapse, both pre- and postsynaptic mechanisms 
have been shown to contribute to PPR (Budisantoso et al. 2012; Chen et al. 2002). To 
accurately monitor a presynaptic process without contamination of postsynaptic AMPAR 
desensitization, 50!M cyclothiazide (CTZ) was added to the bath. CTZ prevents desensitization 
of AMPARs and does not alter release probability at the retinogeniculate synapse (Chen and 
Regehr 2000). Figure 3.3A-C show the effects of bath application of agonists to different classes 
of mGluRs on pairs of stimuli separated by an interstimulus interval (ISI) of 50 ms. The time 
courses of the peak amplitude of the 1st (EPSC1) and 2nd (EPSC2) EPSC are plotted before 
and during agonist application .The paired-pulse ratio (PPR), calculated as EPSC2/EPSC1, are 
shown in the lower panels.  Application of group II (APDC) and group III (L-AP4) agonists led to 
a sustained reduction in EPSC1 (Figure 3.3D).  For example, 30 !M APDC inhibited the peak 
EPSC to 73±4% of control, n=5, p<0.05 and increased PPR to 130±4% (n=5, p<0.01), while 50 
!M L-AP4 reduced the current to 68±7% of control, n=6, p<0.05 and increased PPR to 150±9%, 
(n=6, p<0.05) of control.  
 
The group III class of mGluRs includes mGluR 4, 6,7 and 8, which can all be activated by L-
AP4. The EC50 or IC50 of L-AP4 for mGluR 4, 6 and 8 range from 0.4-1.2 !M  !
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Figure 3.3: mGluR agonists modulate synaptic currents at the immature synapse. 
Representative traces (left) and time course (right) of AMPAR-EPSC response to pairs of pulses 
before (thin line), and during (thick grey line) bath application of the (A) group II mGluR agonist 
APDC (30!M), (B) group III agonist L-AP4 (500!M) and (C) group I agonist (S)-DHPG (25 !M). 
AMPAR EPSC1 amplitudes (circles), EPSC2 amplitudes (squares) and PPR (triangles). (D) 
Summary data of peak EPSCs (top) and PPR (bottom) shown as percentage of control in the 
presence of various concentrations of mGluR agonists.  #, p<0.05, * p<0.01. Recordings 
performed at 25 ± 1°C. !
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(Conn and Pin 1997). However mGluR7 has a lower affinity for the agonist and requires a much 
higher concentration than 50 !M for full activation (Conn and Pin 1997). Thus we tested the 
effects of higher concentrations of L-AP4. We found that 500 !M L-AP4 further reduced synaptic 
strength to 48.9±4% of control (n=5 p=0.01, compared to 50 !M L-AP4: unpaired t-test p<0.05) 
and increased PPR to 196±31% of control (n=5 p<0.01; Figure 3.3B and D). This data suggests 
that mGluR7 is also present at the immature retinogeniculate synapse. 
 
In contrast to the group II and III agonists, the group I agonist, DHPG (>10 !M), did not 
significantly alter the average peak EPSC amplitude (110±16% of control, n=4, p=0.7) or the 
PPR (110 ± 6%, n=4, p=0.4) (Figure 3.3C and D). The dose-dependent relationship of agonists 
to the three groups of mGluR are compared in Figure 3.3D. These results demonstrate that 
agonists for group II and III, but not group I mGluRs lead to a sustained reduction in release 
probability at the immature retinogeniculate synapse. 
 
The role of glutamate transporters at the mature  retinogeniculate synapse 
The functional properties of the rodent retinogeniculate synapse remodel dramatically over the 
first 3-4 postnatal weeks (Chen and Regehr 2000; Hooks and Chen 2006; Jaubert-Miazza et al. 
2005). To test whether the role of glutamate transporters also changes over development at this 
visual synapse, we examined the effects of TBOA in LGN slices prepared from p27-34 mice. 
Bath application of 10 !M TBOA significantly alters the waveform of the mature NMDAR-EPSC. 
In contrast to the immature synapse, where we found a decrease in NMDAR-EPSC amplitude 
without LY (Figure 3.1), TBOA caused a reversible increase in the EPSC amplitude to 163 ± 
20.2% of control (n=6, p<0.05; Figure 3.4A). The TBOA-mediated effects on EPSC kinetics and 
holding current, however, were similar to that of the immature synapse, with a significant and 
reversible increase in the T1/2 (to 185±23.9% of control Figure 3.4A, n=6, p<0.05) and Ihold (to 
119 ± 3.9% of control, n=6, p <0.01; Figure 3.4C). !
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Figure 3.4:  Effects of TBOA on EPSCs at the mature retinogeniculate synapse. 
Representative traces (A, left) and time course (A, middle) of NMDAR-EPSCs recorded from a 
mature (p28) relay neuron before (black line) during (red line) and following (dashed grey line) 
bath application of 10!M TBOA. (A, right) Summary of data plotted as percentage of control; 
mean ± SEM. (B) Representative traces (left) and time course (middle) of AMPAR EPSCs 
recorded before (black) during (red line) and following (grey line) application of TBOA followed 
by receptor antagonist. (B, right) Summary data as percentage of control; mean ± SEM. (C) 
Ihold in response to a +40mV step. Average traces (left) and time course (middle) shown before 
(black line) during (red line) and following (grey dashed line) the application of TBOA. (C, right) 
Summary of Ihold data shown as percentage of control. Recordings performed at 35±1°C.   
# p<0.05; * p<0.01. !
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We also find a small but significant decrease in the mature AMPAR-EPSC in the presence of 
10!M TBOA (to 94.2 ± 0.8% of control; n=5, p<0.01) and a slowing of the time constant of 
decay, ! (to 174 ± 23.2% of control, n=5, p<0.05; Figure 3.4B). This reduction in peak amplitude 
is due to AMPAR desensitization because in the presence of 50! M CTZ, bath application of 10 
!M TBOA had no significant effect on peak amplitude (105.5 ± 2.9% of control, n=5, p =0.12,  
data not shown).  However, in the presence of CTZ, EPSC decay kinetics still increased in 
response to transporter inhibition (!, 231 ± 3.8% of control, n=5, p<0.05, data not shown). 
AMPAR desensitization can occur at the mature retinogeniculate synapse as a result of 
glutamate spillover and/or increased ambient glutamate concentration (Budisantoso et al. 2012; 
Chen et al. 2002).  
 
Downregulation of mGluRs  at the mature  retinogeniculate synapse 
The difference between the synaptic responses to TBOA at the mature and immature 
retinogeniculate synapse suggests a reduction over development in the negative feedback loop 
mediated through mGluRs. To confirm that there is a change in the role of mGluRs at the 
mature synapse, we tested for the presence of mGluRs using specific agonists as we did for the 
immature synapse. Figure 3.5A shows that bath application of 50 !M L-AP4 results in a small 
but persistent decrease in peak AMPAR EPSC (to 84.7 ± 5.6% of control, n=5, p=0.05) where 
PPR increased to 122.8 ± 5% of control (n=5, p<0.05). This suggests that group III mGluRs are 
present at the mature synapse. However, increasing the concentration of L-AP4 to 500 !M does 
not elicit further inhibition, as it did at the immature synapse (see Figure 3.3). This is consistent 
with a loss of mGluR7 (500 !M L-AP4: EPSC1 to 82.7±3.6% of control, n=6, p<0.05 and PPR to 
122.4±9% of control, n=6, p<0.05; but compared to 50 !M L-AP4: EPSC1 unpaired t-test 
p=0.78; PPR p=0.97; Figure 3.5B and C). A summary of the dose dependence of L-AP4 on the 
mature AMPAR EPSC and PPR is shown in Figure 3.5B. Thus, while some group III mGluRs  !
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Figure 3.5: Downregulation of mGluRs at the mature retinogeniculate synapse. 
Representative traces (A, left) and time course (A, right) of pairs of AMPAR EPSCs before 
(grey) and during (black) application of 50!M L-AP4.  Peak EPSC1 (circles), EPSC2 (squares), 
and PPR (triangles). (B): Summary data (mean ± SEM) shown as percentage of control in 
response to three concentrations of L-AP4 (10!M, 30!M, 50!M and 500!M). (C) Summary data 
for different mGluR agonists.  10!M (S)-DHPG:  EPSC1: 93 ± 3% of control, n=6, p=0.16; PPR: 
100±3% of control, n=6, p=0.68. 30 !M APDC: 94 ± 5% of control, n=4, p=0.24;  PPR: 110±5% 
of control, n=4, p=0.11. #, p<0.05. Recordings performed at 25±1°C.  !
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remain at the synapse over development, activation of these receptors results in a smaller effect 
on synaptic strength and release probability in mature synapses when compared to the 
immature synapses (compare Figures 3.3 and 3.5). 
 
In contrast to group III mGluRs, agonists of group I (10 !M DHPG) and group II (30 !M APDC) 
did not significantly alter the peak EPSC amplitude or the PPR at the mature retinogeniculate 
synapse (Figure 3.5C). These results demonstrate that the role of group II mGluRs in mediating 
release probability is lost over development at the retinogeniculate synapse. Taken together, 
our data suggest that the mGluR negative feedback mechanism that is present at the immature 
retinogeniculate synapse is downregulated with age. 
 
Activation of mGluRs  during  physiologically relevant  stimulus trains 
Our findings demonstrate that inhibition of glutamate transporter activity can activate a group 
II/III mGluR-mediated reduction in release probability at the immature synapse. The data also 
shows that there is activation of mGluRs during basal RGC activity (see Figure 3.2C). We asked 
how mGluR activation alters the synaptic response during bursts of synchronous RGC activity 
that have been shown to occur during this developmental period. Action potential firing rates of 
retinal ganglion cells during bursts in immature mice can increase to greater than 20 Hz (Demas 
et al. 2003; Kerschensteiner and Wong 2008; Torborg and Feller 2005). Because the AMPAR 
current is relatively small compared to the NMDAR current early in development, we examined 
the response of NMDAR currents to trains of optic nerve stimulation. In order to accurately 
monitor changes in presynaptic neurotransmitter release using NMDAR currents as a reporter, 
we included the low affinity NMDAR antagonist L-AP5 (1mM) in the bath solution to reduce 
receptor saturation (Chen et al. 2002). We stimulated the optic tract with trains of 5 stimuli at 
frequencies of 10 Hz, 20 Hz or 50 Hz. After establishing a stable baseline, 50!M LY was added 
to the solution. If tonic activation of group II/III mGluRs influence the synaptic response to trains !
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of stimuli, we would predict that LY would antagonize the binding of glutamate to these 
receptors, resulting in an increase in the probability of neurotransmitter release.  
 
Indeed, our results are consistent with this prediction.  We found a significant increase in the 
strength of the EPSC1 and a decrease in PPR following relief of mGluR activation (Figure 3.6). 
EPSC1 amplitude of each train increased to 126 ± 8% of control (n=6, p<0.05). Figure 3.6 (left) 
shows average traces in response to 5 stimuli at either 10Hz (A), 20 Hz (B) or 50Hz (C) before 
(black) and during (grey) bath application of 50!M LY. A summary plot of the peak amplitudes of 
the subsequent EPSCs relative to EPSC1 is shown on the right. The degree of synaptic 
depression in response to trains of stimuli was enhanced with higher frequencies in control 
conditions. Bath application of the mGluR antagonist reduced the peak amplitudes of 
subsequent EPSCs following EPSC1. Synaptic depression was significantly enhanced in the 
presence of LY (p<<0.002 for all frequencies tested, two-way ANOVA). These results 
demonstrate that group II/III mGluR are activated during physiological RGC firing patterns and 
reduce release probability at the immature retinogeniculate synapse. 
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Figure 3.6:  mGluRs are activated during physiologically relevant trains. 
(Left) Representative traces of NMDAR EPSCs in response to trains of 5 stimuli at 10 Hz (A), 20 
Hz (B), and 50 Hz (C) shown before (black) and during (grey) bath application of 50 !M LY. 
( Middle) NMDAR responses normalized to EPSC1 before (black) and during (grey) application 
of 50 !M LY. (Right) Summary of the relative changes in EPSC amplitudes during trains of 
stimuli at frequencies before (black) and during (grey) application of LY, shown as mean ± SEM.  
Peak amplitudes in a train are normalized to EPSC1. Synaptic depression in response to trains 
of stimuli is significantly increased in the presence of LY for 10 Hz, 20 Hz and 50 Hz ( p<<0.001) 
by two-way ANOVA.  Recordings performed at 35±1°C. 
 
 
 !
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DISCUSSION 
Developmental regulation of synaptic glutamate concentration 
We examined mechanisms regulating glutamate release and clearance at the developing 
retinogeniculate synapse. First, we show that inhibiting glutamate transporters changes the 
shape of synaptic currents. This confirms an active role for transporters in removal of glutamate. 
Second, our experiments unveiled the presence of a negative feedback mechanism present at 
the immature synapse. When glutamate accumulates, both group II and III mGluRs are 
activated, resulting in a sustained reduction in neurotransmitter release. Moreover, our results 
demonstrate that these mGluRs are activated during presynaptic frequencies that mimic 
immature RGC firing patterns.  
The mGluR-mediated negative feedback loop may play an important role during periods of high 
frequency presynaptic activity. This mechanism could be advantageous early in development to 
prevent excess glutamate accumulation during correlated bursts of presynaptic activity.  The 
inhibitory network is not fully matured in the LGN until after eye opening (P12-14) (Bickford et 
al.); thus the activation of group II/III mGluRs may be a major mechanism preventing excessive 
glutamate accumulation and excitotoxicity. Our data demonstrate that the mGluR-mediated 
feedback is downregulated at the mature synapse. This suggests that once connections 
between retina and thalamus have refined and stabilized, an mGluR-type of autoregulation may 
no longer be needed to control glutamate release.  
Glutamate Transporters at the Retinogeniculate Synapse 
 
Glutamate clearance from the synaptic cleft is controlled by diffusion and by its active removal 
and buffering by transporters. In addition to removing synaptically released glutamate, 
transporters also maintain extracellular concentrations of the neurotransmitter (Herman and 
Jahr 2007). Consistent with previous studies (Tzingounis and Wadiche 2007), we show that 
glutamate transporters maintain ambient levels of extracellular glutamate, shape the synaptic !
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waveform at the retinogeniculate synapse over development and shield mGluRs from excessive 
activation at the immature synapse. However, what makes this visual synapse distinct from 
other CNS synapses is the sensitivity of both NMDAR and AMPAR currents to transporter 
inhibition. 
  
At both the immature synapse when mGluRs are inhibited, and at the mature synapse, a low 
concentration of TBOA (10!m) results in a robust increase in the NMDAR EPSC peak and a 
doubling of the decay kinetics (See Figure 3.2 and 3.4). The degree of increase of the peak 
current is striking when compared to the SC-CA1 synapse. At this hippocampal connection, 
TBOA did not alter the amplitude of the NMDAR EPSC at immature ages, and had a small 
effect at older ages (Christie and Jahr 2006; Diamond 2005; Thomas et al. 2011). Here, at the 
retinogeniculate synapse, the peak of the NMDAR but not AMPAR EPSC increases in the 
presence of TBOA. This can be explained by the higher affinity of NMDARs for glutamate and 
the slower kinetics of the channel when compared to the AMPAR. The increase in NMDAR 
EPSC peak is likely influenced by the extent of glutamate spillover and the activation of nearby 
extrasynaptic NMDARs. Moreover, our results also showed a significant increase in AMPAR 
EPSC decay kinetics throughout development consistent with spillover to neighboring synapses 
(Budisantoso et al. 2012). In contrast to our study, TBOA does not alter AMPAR kinetics at the 
SC-CA1 synapse (Christie and Jahr 2006). In addition, 200 !M TBOA has modest or no effects 
on AMPAR kinetics at the MF-GC synapse in the cerebellum and the calyx of Held, respectively 
(DiGregorio et al. 2002; Renden et al. 2005). Thus, our findings suggest currents at this visual 
synapse rely heavily on glutamate transporters to shape the synaptic response. Interestingly, 
the effects of TBOA on this sensory synapse are similar to the effects seen on the primary 
afferent synapses in the mature spinal cord (Napier et al. 2012; Nie and Weng 2009).  
 !
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It is still unclear which glutamate transporters are present at the immature retinogeniculate 
synapse. Five excitatory amino-acid transporters (EAATs) compose the family of glutamate 
transporters in the brain. EAAT1, EAAT2, and EAAT3, also known as GLAST, GLT-1 and 
EAAC1 in the rodent, are expressed throughout the nervous system (Arriza et al. 1997; Danbolt 
2001; Fairman et al. 1995; Kanai and Hediger 1992; Pines et al. 1992; Storck et al. 1992). 
Given the IC50’s of DL-TBOA to GLAST, GLT-1 and EAAC1  (70!M, 6!M and 6!M, 
respectively) our results showing a dramatic effect of 10uM TBOA suggest that GLT-1 and/or 
EAAC1 play a role in shaping the synaptic transient at the retinogeniculate synapse (Lebrun et 
al. 1997; Shimamoto et al. 2000). Our data is consistent with a previous report that localized 
both GLT-1 and GLAST to nearby glia at the mature synapse (Budisantoso et al. 2012). 
However, it remains unknown whether there are changes in transporter expression or their 
subcellular localization over development. It will be interesting in future studies to further 
investigate the distinct locations and roles of specific glutamate transporter subtypes at the 
immature synapse. 
 
Autoregulation of Neurotransmitter Release by mGluRs over development 
We found that transporters at the immature retinogeniculate synapse prevented excessive 
glutamate binding to group II/III mGluRs. Consistent with reports from other synapses, activation 
of these metabotropic receptors reduced synaptic strength and increased PPR (Baskys and 
Malenka 1991; Conn and Pin 1997; Maki et al. 1994; Min et al. 1998; Oliet et al. 2001; Renden 
et al. 2005; Scanziani et al. 1997; von Gersdorff et al. 1997). The presence of these receptors 
was unexpected, as studies in the mature visual thalamus had shown that group II or III mGluRs 
regulate neurotransmitter release at corticothalamic projections, but not at the retinogeniculate 
synapse (Alexander and Godwin 2005; 2006; Turner and Salt 1999). However, consistent with 
these previous studies at the mature synapse, we find that the group II/III mGluRs mediated 
responses are downregulated with age. Notably, the loss of mGluR function has been described !
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over development at another sensory synapse, the calyx of Held. At this brainstem synapse, 
some presynaptic group II/III mGluRs are present in early development and then downregulate 
with age, athough there is no evidence of presynaptic mGluR7 mediated function at this 
synapse (Renden et al. 2005). Interestingly, the spiral ganglion neurons in the cochlear hair 
cells that drive presynaptic input to the Calyx of Held have recently been shown to exhibit wave-
like spontaneous activity, with prolonged bursts of spikes reaching 100 Hz, during a pre-hearing 
developmental period (Tritsch and Bergles 2010; Tritsch et al. 2010). The similarities in the two 
sensory synapses support the idea that mGluRs play an important role in regulating glutamate 
release during this period of activity-dependent synapse remodeling. 
The rapid effects of group II/III mGluR agonists on release probability suggest that the receptors 
are located on the presynaptic RGC terminals as opposed to a neighboring cell. To date, no 
high-resolution immunoelectron microscopy study of the developing LGN has localized mGluRs. 
However, in another sensory nucleus of the developing thalamus, the ventral posterior nucleus 
of the somatosensory system, the group II class mGluR2/3 has been localized to 3% of 
presynaptic axon terminals of asymmetric synapses (Liu et al. 1998). This EM study also noted 
dense labeling of mGluR2 in glial processes near synapses. Our study cannot completely rule 
out that mGluR activation in glia could, through an indirect pathway, lead to the reduction of 
vesicular release at RGC axon terminals. An example of one such indirect pathway involves 
astrocyte-mediated accumulation of adenosine that binds to presynaptic A1 receptors and 
reduces release probability (Dittman and Regehr 1996; Pan et al. 1995; Pascual et al. 2005; 
Scanziani et al. 1992; Zhang and Schmidt 1999). However, we included the A1 receptor blocker 
DPCPX in all of our experiments. Thus, were astrocytes involved, a substance other than 
adenosine would be responsible for presynaptic modulation of release. Moreover, mGluR2 
expression in astrocytes does not decrease over development in the thalamus (Liu et al. 1998). 
Thus, we favor a model where mGluRs are transiently expressed in RGC terminals. !
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Our results demonstrate a dynamic range of mGluR-mediated regulation of glutamate release at 
the immature retinogeniculate synapse (See Figures 3.1, 3.2 and 3.6). The negative feedback 
response appears to scale with the degree of glutamate accumulation and spillover. With low 
frequency stimulation we see a small but significant mGluR-mediated effect, while a substantial 
decrease in synaptic strength is seen when transporters are inhibited. This could be explained 
by the subcellular localization of the different mGluRs and by their distinct affinities for 
glutamate. For example, EM studies in the hippocampus show immunoreactivity for the high-
affinity group II mGluR2/3 to axons terminals outside of the synaptic cleft (Shigemoto et al. 
1997; Tamaru et al. 2001). In contrast, low-affinity group III mGluR7 (Kd = 1mM glutamate) is 
found in presynaptic active zones (Brandstatter et al. 1996; Conn and Pin 1997; Shigemoto et 
al. 1997). Interestingly, it has been shown that mGluR7s are activated during periods of robust 
presynaptic activity (Pelkey et al. 2005; Pelkey et al. 2007). Thus the varied location and 
glutamate affinities of different classes of mGluRs could contribute to a diverse repertoire of 
synaptic responses. Given the dynamic synaptic environment at the immature retinogeniculate 
synapse, it is possible that activation of mGluRs may play an important role in the process of 
developmental synaptic refinement.     
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ABSTRACT  
The retinogeniculate synapse, the connection between retinal ganglion cells (RGC) and 
thalamic relay neurons, undergoes robust changes in connectivity over development. This 
process of synapse elimination and strengthening of remaining inputs is thought to require 
synapse specificity. Here we show that glutamate spillover and asynchronous release are 
prominent features of retinogeniculate synaptic transmission during this period. The immature 
EPSCs exhibit a slow decay timecourse that is sensitive to low affinity glutamate receptor 
antagonists and extracellular calcium concentrations, consistent with glutamate spillover. 
Furthermore, we uncover and characterize a novel, purely spillover-mediated AMPA receptor 
current from immature relay neurons. The isolation of this current strongly supports the 
presence of spillover between boutons of different RGCs. In addition, fluorescence 
measurements of presynaptic calcium transients suggest that prolonged residual calcium 
contributes to both glutamate spillover and asynchronous release. These data indicate that 
during development, far more RGCs contribute to relay neuron firing than would be expected 
based on predictions from anatomy alone.  
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INTRODUCTION  
Even before eye opening, information encoded in retinal activity is relayed to the visual cortex 
and plays a critical role in the proper formation of retinotopic maps in the visual cortex 
(Huttenlocher, 1967; Akerman et al., 2002; Kirkby et al., 2013). Remarkably, this information 
transfer via the retinogeniculate synapse is maintained despite rapidly changing properties of 
the immature connection (Mooney et al., 1996; Hanganu et al., 2006). Between postnatal day 
(p)8 and p30, the average strength of a RGC input increases 20-fold, while the number of retinal 
inputs that innervate a given relay neuron is pruned from many to few (Chen and Regehr, 2000; 
Jaubert-Miazza et al., 2005). The synaptic mechanisms that allow immature weak retinal inputs 
to drive relay neuron firing and maintain information transfer are still incompletely understood.   
 
One feature of the immature synapse that has been proposed to aid in the transmission of 
visual information is the prolonged waveform of the retinogeniculate EPSC (Ramoa and 
McCormick, 1994; Chen and Regehr, 2000; Hooks and Chen, 2006; Ziburkus and Guido, 2006; 
Liu and Chen, 2008). The decay time course of both AMPAR and NMDAR EPSCs is slower in 
the young than the old (Ramoa and Prusky, 1997; Chen and Regehr, 2000; Liu and Chen, 
2008). Although receptor subunit changes contribute to part of the developmental acceleration 
of the EPSC, they cannot account for all of the observed changes in kinetics. Notably, the 
AMPAR quantal event does not exhibit similar slow decay kinetics to the evoked response, nor 
does the mEPSC waveform significantly accelerate with age (Liu and Chen, 2008).  
 
These findings suggest that other synaptic mechanisms contribute to the slow time course of 
the immature EPSC. For example, the slow component could be due to glutamate pooling within 
the synaptic cleft from impeded diffusion. Alternatively, it could be delayed (asynchronous) 
release, where the release of additional vesicles persists for up to hundreds of milliseconds 
following depolarization of the presynaptic terminal (Barrett and Stevens, 1972; Rahamimoff and  
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Yaari, 1973; Goda and Stevens, 1994; Atluri and Regehr, 1998; Kaeser and Regehr, 2014). 
Asynchronous release is driven by presynaptic residual calcium and prolongs the decay time 
course of the postsynaptic response, thus enhancing synaptic charge transfer (Zengel and 
Magleby, 1981; Zucker and Lara-Estrella, 1983; Vanderkloot and Molgo, 1993; Cummings et al., 
1996). Finally, the slow EPSC decay could be due to glutamate spillover between release sites 
located within the same bouton or in neighboring boutons (Trussell et al., 1993; Barbour et al., 
1994; Takahashi et al., 1995; Otis et al., 1996; DiGregorio et al., 2002). At the immature 
retinogeniculate synapse, glutamate can spillover to extrasynaptic mGluRs, but whether 
glutamate also reaches neighboring release sites is not known (Hauser et al., 2013).  
 
Here, we distinguish between these different explanations for the prolonged current observed at 
the immature retinogeniculate synapse. We find that both spillover between synaptic release 
sites and asynchronous release contribute to the extended glutamate timecourse. Moreover we 
characterize purely spillover-mediated currents from relay neurons indicating that neighboring 
RGCs can influence relay neuron firing without making direct contacts onto the cell. This 
prolonged glutamate transient is essential for the propagation of retinal activity to the developing 
cortex during a dynamic period of robust synaptic maturation and refinement.  
 
METHODS 
Slice preparation. All experimental procedures were performed in accordance with federal 
guidelines and protocols approved by Boston Children’s Hospital. Parasagittal brain slices 
containing both the optic tract and the dorsal lateral geniculate nucleus (LGN) were obtained as 
previously described (Chen and Regehr, 2000; Liu and Chen, 2008) from p8-34 C57BL/6 mice 
(C57BL/6J from Jackson Laboratory, ME or C57BL/6NTac (B6) from Taconic, NY). Briefly, the 
brain was quickly removed and immersed into an oxygenated 4°C choline-based cutting solution 
containing (in mM): 87 NaCl, 25 NaHCO3, 37.5 choline chloride, 25 glucose, 2.5 KCl, 1.25  
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NaH2PO4, 7 MgCl2, and 0.5 CaCl2 or 130 Choline chloride, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 
7.0 MgCl2, 0.5 CaCl2 and 25 glucose. Both cutting solutions yielded healthy slices at all ages. 
The brain tissue was then mounted on the cutting stage of a vibratome (Leica VT1000S) and 
submerged into oxygenated 4°C cutting solution. Cut 250 !m slices were allowed to recover for 
15-20 min at 30°C in the oxygenated cutting solution, and then for another 10-20 min at 30°C in 
oxygenated artificial cerebral spinal fluid (aCSF) containing (in mM): 125 NaCl, 26 NaHCO3, 
1.25 NaH2PO4, 2.5 KCl, 1 MgCl2, 2 CaCl2 and 25 glucose. This aCSF solution was used also for 
recording. 
 
Electrophysiology. Whole-cell voltage-clamp synaptic recordings from geniculate neurons were 
obtained using glass pipettes (1-2.0 M!) filled with an internal solution consisting of (in mM): 35 
CsF, 100 CsCl, 10 EGTA, 10 HEPES, and the L-type calcium channel antagonist, 0.1 
methoxyverapamil (Sigma, St. Louis, MO). This solution was designed to minimize the 
contributions from postsynaptic intrinsic membrane conductances and second messenger 
systems. In experiments examining AMPAR rectification, 100 !M spermine was included in the 
internal solution. EPSCs were evoked with stimulus intensities that ranged from 10-150 !A. 
Series resistance (Rs) was <10MЊ (average 5 MЊ), cells were excluded if RS changed more 
than 10% during an experiment. 
 
For current clamp experiments, the internal solution contained (in mM): 116 KMeSO4, 6 KCl, 2 
NaCl, 20 HEPES, 0.5 EGTA, 4 MgATP, 0.3 NaGTP, 10 Na phosphocreatine, pH 7.25 with KOH. 
To elicit successful spikes, the amplitude of first EPSC waveform injected were 300 and 1500 
pA for immature and mature neurons, respectively (Liu and Chen, 2008). The bath saline 
solution for all electrophysiological experiments contained the GABAA receptor antagonist 
bicuculline (20 !M) or picrotoxin (Sigma, 50!M), and the GABAB receptor antagonist -N-[1-(S)-
3,4-dichlorophenyl)ethyl]amino-2-(S)- hydroxypropyl-P-benzyl-phosphinic acid  (CGP55845, 2  
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!M) and the A1 adenosine receptor antagonist 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX, 
10!M). 5 !M of 2,3-Dihydro-6-nitro-7-sulphamoyl-benzo(f)quinoxaline (NBQX), 4-(8-Methyl-9H-
1,3-dioxolo[4,5-h][2,3]benzodiazepin-5-yl)-benzenamine dihydrochloride (GYKI 52466, 50µM), 
20 to 100 !M 3-((R)-2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid ((R)-CPP), and (2S-2-
amino-2-(1S,2S-2-carboxycycloprop-1-yl)-3-(xanth-9- yl)propanoic acid (LY341495 50!M) was 
used to block AMPAR, NMDAR, and metabotropic glutamate receptors respectively. All the 
experiments were performed at 35 ± 1°C unless otherwise indicated. 
 
EGTA-AM experiments were performed as previously described (Atluri and Regehr, 1998; Chen 
and Regehr, 1999). Briefly, EGTA-acetoxymethyl ester (AM) was dissolved in dimethysulfoxide 
(DMSO), diluted to a final concentration of 50 !M in aCSF, and continuously bath applied to 
slices for 15 minutes to allow the chelator to be taken up by all cells in the slice. Excess EGTA-
AM was then washed out with aCSF. Measurements of the EPSC or "F/F waveforms for the 
EGTA-AM condition were obtained 15 minutes after bath washout of EGTA-AM.  
 
Calcium measurements. RGCs were labeled with calcium indicators dyes as previously 
described (Chen and Regehr, 2003). Briefly, the mouse
 was placed in an enclosed chamber and 
isoflurane was delivered via a vaporizer with proper scavenging of fumes. 2-4% isoflurane with 
a mixture of oxygen was used for induction and 1-3% for maintenance during the procedure. 
Once properly anesthetized, as tested by foot pad stimulation, a sharp glass
 electrode (2-5 !m 
tip diameter) filled with a solution that consisted
 of a 1:1 mixture of 20% w/v Calcium Green-1 
dextran [molecular weight
 (MW) 3000] and 20% w/v Texas Red dextran (MW 10,000) in 0.1% 
Triton X-100 was inserted into the
 retina (Invitrogen, OR). One microliter of the solution was 
pressure injected into
 the nasal and temporal regions of the retina (30 psi, 10-15 msec
 duration; 
Parker Instruments). 5-10 days after injection, the animal was sacrificed for experiments.  
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Examination of the slices under 60x objective
 (Olympus) revealed that retinogeniculate fibers 
but not postsynaptic
 cells were labeled.   
 
All fluorescence recordings were performed in the presence of the glutamate receptor 
antagonists NBQX (5 !M) and CPP (20 !M), bicuculline and CGP55845
  (20!m, 2 !m) using a 
450-490 excitation/FT510 dichroic/510WB40 emission and
 580DF15 excitation/600 dichroic long 
pass/610 long pass emission
 filter sets for Calcium Green-1 and Texan Red signals, 
respectively.
 Illumination was provided by a 150 W Xenon lamp (Optiquip) and
 gated with a 
transistor logic pulse to an electromechanical
 shutter (Vincent Associates). Collected light from 
the labeled
 slice was digitized, and the relative change in fluorescence (#F/F)
 was calculated as 
described previously (Kreitzer et al., 2000).
  Calcium measurements were performed at 25°C. 
 
Stock solutions of pharmacological agents were stored at -20°C and diluted according to the 
final concentrations immediately prior to experiments. Constant bath flow during application of 
drugs was ensured by a perfusion pump (Gilson, MA). Dead space in the perfusion tubing was 
reduced to 1 ml, allowing rapid bath exchange of pharmacological agents. All pharmacological 
agents, including L-(+)-2-Amino-5-phosphonopentanoic acid (L-AP5, 1mM), "-D-Glutamylgycine 
("-DGG, 1-3mM, 6-Chloro-3,4-dihydro-3-(5-norbornen-2-yl)-2H-1,2,4- benzothiazidiazine-7-
sulfonamide-1,1-dioxide (cyclothiazide, CTZ, 50!M), were purchased from Tocris, MO unless 
otherwise indicated. EGTA, tetra(acetoxymethyl ester) (EGTA, AM), calcium green-1 dextran 
and Texas Red
® 10,000 MW dextran were obtained from Invitrogen (OR).   
 
Data Acquisition and Analysis.  Current and voltage-clamp recordings were acquired with a 
Multiclamp 700A amplifier (Axon Instruments, CA) filtered at 1 kHz and digitized at 10-20 kHz 
with an ITC-16 interface (Instrutech, NY). Data analysis was performed using Igor software 
(Wavemetrics, OR), Excel (Microsoft, WA) and Prism (GraphPad Software, Inc.).  EPSCs were  
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analyzed as the average of 5-10 waves. The decay # of both AMPA and NMDA receptor-
mediated EPSCs at immature retinogeniculate synapse were best fitted with a double 
exponential, f(x)= y0 +A1e(-x/ # fast) + A2e(-x/ # slow) and was quantified as the weighted # = [# fast X 
A1/(A1 + A2)] +[ # slow X A2/(A1 + A2)] (Liu and Chen, 2008). 
 
Studies examining short-term synaptic plasticity involved evoking synaptic responses to pairs of 
retinal input stimuli. Randomized interstimulus intervals ranging from 10-8000 ms were 
interleaved with a single conditioning pulse as previously described (Chen and Regehr, 2000). 
For each cell recorded, averages of 3-5 trials were used to measure the paired pulse ratio 
(EPSC2/EPSC1 X 100) for each ISI.   
 
Spike probability was calculated by summing the number of action potentials that occur over the 
period following current injection (approximately 10 trials) and dividing the value by number of 
trials. The criterion for an action potential was a depolarizing change in membrane potential 
(dV/dt) $10Vsec
-1. Synaptic charge (Q) was calculated by integrating the evoked synaptic 
current. All data are summarized as mean ± SEM, using the two-tailed paired t-test unless 
otherwise indicated. 
 
RESULTS 
Acceleration of the retinogeniculate EPSC waveform over development 
Changes in the EPSC waveform over development are evident when comparing the decay 
kinetics of the AMPAR current of immature (p9-11, red trace) and mature (P26-32, black trace) 
synapses (Figure 4.1A, left). The synaptic currents, evoked by optic nerve stimulation, were 
recorded in whole cell voltage clamp mode (Vh=-70mV) and in the presence of the NMDAR 
selective antagonist, 20 µM (R)-CPP. The immature EPSC waveform exhibited slower decay 
kinetics when compared to the mature synapse, and this difference persisted even in the   
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Figure 4.1: Properties of the retinogeniculate AMPAR EPSC change over development 
Comparison of the decay time course of the immature (p9-11, red traces) and mature (p26-32, 
black traces) retinogeniculate AMPAR EPSCs (Vh= -70 mV) in the absence (A, left) and 
presence (A, right) of 50µM cyclothiazide (CTZ).  Representative traces are averages from 10-
15 trials and normalized to the peak. (B) Summary graph of the time course of the AMPAR 
EPSC decay (weighted tau) from the two age groups in control (white) and in CTZ  (grey) n=4; 
(*)p<0.05, (**) p<0.01. Recordings were made in the presence of (R)-CPP to block NMDAR-
mediated EPSCs. Bath temperature: 35 ± 1°C. (C, left) Representative examples of AMPAR 
EPSC traces evoked at different holding potentials (-60 to 60 mV in 20mV increments), and (C, 
right) average current-voltage relationship for immature (red, n=5 cells) and mature (black, n=6 
cells) synapses. Synaptic currents were recorded with intracellular spermine of p9-11 
significantly different from p26-32, p<<0.001, 2-way ANOVA). Recorded at room temperature. 
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presence of cyclothiazide (50 !M, CTZ), an inhibitor of AMPAR desensitization (Figure 4.1A,  
right). The AMPAR decay time course, in control and CTZ conditions, could be approximated by 
a double exponential time constant where the average weighted tau is 2-3 times greater for 
immature synapses when compared to the mature synapses (Figure 4.1B). Therefore, 
developmental changes in the AMPAR EPSC waveform cannot be simply explained by 
differences in receptor desensitization.  
 
Our results involving CTZ suggested that immature EPSC is more sensitive to the inhibitor of 
desensitization (6.37 ± 0.93 fold increase in weighted tau vs 3.3 ± 0.43 fold), and raised the 
possibility that the subunit composition of AMPARs may change with age. One means of testing 
for a change in AMPAR subunit composition is to assess whether the contribution of calcium-
permeable AMPAR subunits change with age. In the presence of intracellular polyamines such 
as spermine, the I-V relationship of Ca
2+-permeable AMPARs is known to rectify, whereas that 
of Ca
2+-impermeable AMPARs is linear (Hollmann et al., 1991; Blaschke et al., 1993). 
Therefore, we compared the AMPAR current-voltage (I-V) relationship of immature to mature 
synapses using an intracellular recording solution containing 100µM spermine. Figure 4.1C 
shows increased AMPAR rectification with age. The rectification index, calculated as the peak 
EPSC current measured at +60 mV/-60 mV, was significantly different at p9-11 when compared 
to p26-32 (0.74 ± 0.06 vs 0.34 ± 0.05, p<0.01, n=5,6 student t-test). This developmental change 
in AMPAR composition is opposite that described in hippocampus, but similar to that in another 
thalamic synapse, the leminscal input onto relay neurons in the somatosensory thalamus 
(Takeuchi et al., 2012). However, the increased contribution of CP-AMPARs at older ages 
cannot fully explain the observed change in the EPSC waveform over development. Some 
calcium permeable AMPAR subunits have been shown to have slower, not faster, decay 
kinetics (Partin et al., 1996). Moreover, our previous studies showed no significant difference in 
the quantal waveform of the immature and mature synapses (Liu and Chen, 2008). Taken  
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together, these data suggest that a change in subunit composition is not responsible for the 
slow component of the immature AMPAR EPSC. 
 
"-DGG accelerates the decay of immature AMPAR EPSCs 
As postsynaptic mechanisms cannot account for the acceleration of the synaptic waveform, we 
next asked whether the slow decay of the immature EPSC is influenced by an extended time 
course of glutamate. For these studies, we took advantage of low affinity glutamate receptor 
antagonists (Olverman et al., 1988). These agents actively compete with glutamate for binding 
to receptors and their efficacy of inhibition is dependent on the relative concentration of 
glutamate. Previous studies have shown that receptors directly across from the site of release 
experience a peak glutamate concentration much greater than receptors that are located further 
away from this site (Clements et al., 1992; Diamond, 2001; DiGregorio et al., 2002). We 
examined the effects of these antagonists on the immature retinogeniculate waveforms.  
 
We recorded isolated AMPAR-mediated currents in the presence of 50µM CTZ and NMDAR 
antagonists to gain an accurate measurement of the glutamate transient. Bath application of the 
low affinity AMPAR antagonist, "-DGG (3mM), reduced the peak AMPAR EPSC amplitude to 51 
± 2.8% of control (p<0.01, n=4) and significantly accelerated the decay of the current to 48.8 ± 
3.6% of control (p<0.01, n=4; weighted tau control: 21.7 ± 3 ms, "-DGG: 10.6 ± 1.8 ms, Figure 
4.2 C). Notably, "-DGG preferentially inhibited the slow component of the EPSC decay (control 
vs. "-DGG: #slow= 18.6 ± 3.6 ms vs. 8.4 ± 2 ms n=4, p=0.01; #fast = 3.1 ± 1.2 vs. 2.2 ± 0.4 ms, n=4, 
p=0.28). To ensure the acceleration of the current was not due to voltage-clamp errors, we 
performed parallel experiments with a low concentration of NBQX (200nM), a high affinity 
antagonist that dissociates from the receptor slowly. Unlike "-DGG, NBQX inhibition of AMPAR 
currents is independent of glutamate concentration. 200 nM NBQX reduced the AMPAR EPSC 
amplitude to a similar extent as "-DGG (48.1 ± 5% of control, n=5; p>0.6 NBQX vs. "-DGG), but   
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Figure 4.2: !-DGG accelerates the AMPAR EPSC Tau at the immature synapse 
(A) AMPAR EPSCs (Vh= -70mV) recorded in the presence of CTZ (50 µM) and NMDAR 
antagonists (50 µM D-AP5, 20 µM CPP) under control conditions (i,iii) and in the presence of 3 
mM "-DGG (ii) and 200 nM NBQX (iv). Traces are the average of 5-10 consecutive responses 
and correspond to the peak amplitudes in the time course plotted in (B). (C, left) Representative 
normalized AMPAR EPSCs before (black trace) and during (red trace) application of "-DGG or 
NBQX (grey trace). (C, right) Scatter plot of AMPAR EPSC weighted tau (#) shown as mean ± 
SEM (filled circles) before (X axis) and in the presence of antagonist (Y axis) with individual 
experiments plotted (open circles). "-DGG (before # : 21.8 ± 3.0 ms; in antagonist: 10.6 ± 1.8 ms 
n=4) and NBQX (before # : 20.0 ± 3.8 ms; in antagonist: 15.9 ± 2.5 ms, n=5). Bath temperature: 
35 ± 1°C. (*) p<0.05.   
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the two antagonists differed in their effects on the time course of the decay kinetics. In Figure 
4.2 C, the average AMPAR current waveform, normalized to the peak of the EPSC, is shown 
before and during bath application of "-DGG (red trace) or NBQX (grey trace). "-DGG inhibits a 
greater fraction of the decaying phase of the EPSC, when compared to the peak of the current. 
In contrast, NBQX did not have a significant effect on the time course of the EPSC (Figure 4.2C, 
weighted tau=84.1 ± 9.5% of control, n=5, p>0.2, Figure 4.2C; "-DGG vs. NBQX, p<0.02; "-
DGG also accelerates the decay in 1.5mM [Ca
2+]o Supplemental Figure 7.1). These data 
suggest that AMPARs that contribute to the tail of the immature EPSC experience a lower peak 
concentration of glutamate than those receptors open during the peak of the current.  
 
L-AP5 accelerates the decay of the immature retinogeniculate NMDAR EPSC 
If the waveform retinogeniculate EPSC does indeed reflect a gradient of peak glutamate 
concentrations, then we would predict that low affinity antagonists of NMDARs would also 
accelerate the decay of the EPSC. To test this hypothesis, we compared the effects of bath 
application of the low affinity NMDAR antagonist L-AP5 (1 mM) to that of low concentration of 
the high affinity antagonist, R-CPP (1-1.25µM) in a similar approach as our AMPAR 
experiments. Figure 4.3A,B shows that at these concentrations, both antagonists inhibited the 
peak amplitude of the NMDAR EPSC to comparable levels (L-AP5 to 34.4 ± 2.3% and CPP to 
40.9±4.3% of control, n=7 each, p>0.2). However, the antagonists have distinct effects on the 
decay of the NMDAR current (Figure 4.3C). On average, L-AP5 significantly accelerated the 
EPSC decay # to 65.0 ± 3.3% of control (p<0.01, n=7, Figure 4.3C). R-CPP had a significantly 
smaller effect on the time course of the EPSC than L-AP5 (CPP decay #: 82.1 ± 2% of control, 
n=7, p<0.001; L-AP5 vs. CPP, p<0.01, Figure 4.3C). These data provide further support for the 
presence of a gradient in peak concentration of glutamate at the immature synapse.  
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Figure 4.3: L-AP5 accelerates the NMDAR EPSC tau at the immature synapse 
(A) NMDAR EPSCs (Vh= +40 mV) recorded under control conditions (i, iii, v) and in the 
presence of 1 mM L-AP5 (ii), 1 µM (R)-CPP (iv) or 20 µM (R)-CPP (vi). Traces are the average 
of 5 consecutive responses and correspond to the amplitudes plotted against time in minutes 
(B). Recordings were performed in the presence of the AMPAR antagonist NBQX (5 µM). Bath 
temperature: 35 ± 1°C. (C) Representative normalized NMDAR EPSCs from before (black 
trace) and during application of L-AP5 (red trace) or low concentration of (R)-CPP (blue trace). 
(C, right) Scatter plot of NMDAR EPSC weighted tau (# ) before (X axis) and in the presence of 
antagonist (Y axis). Average values are represented by solid circles shown as mean ± SEM: 
CPP, black circle- control # : 74.0 ± 7.7 ms, CPP # : 60.7± 6.5 ms; L-AP5, red circle, control # : 
73.3 ± 6.6 ms; L-AP5 # : 47.6± 5.2 ms. Individual experiments are shown as open circles. (**) 
p=0.01. 
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EPSC Decay Time Course is Dependent on Extracellular Calcium 
Compared to NMDARs, AMPARs are much less likely to be located extrasynaptically and have 
a significantly lower affinity for glutamate (Dingledine et al., 1999; Tarusawa et al., 2009). 
Therefore, our low affinity AMPAR data suggest that glutamate may diffuse between release 
sites (aka “spillover”) at the immature synapse. If this were true, then the EPSC decay time 
course could be sensitive to changes in probability of release (PR)(Trussell et al., 1993; 
Mennerick and Zorumski, 1995). To alter PR, we changed the extracellular calcium 
concentrations (0.5 mM [Ca
2+]o vs. 2.0 mM [Ca
2+]o) and compared the normalized AMPAR 
EPSC waveform
 (Figure 4.4A). In the presence of 2.0 mM [Ca
2+]o / 1.0 mM [Mg
2+]o, the average 
weighted # of the AMPAR EPSC decay was 4.1 ± 0.7 ms. Bath exchange to an external solution 
containing 0.5 mM [Ca
2+]o / 2.5 mM [Mg
2+]o reduced the peak EPSC to 25.4 ± 2.6% of that in 2.0 
mM [Ca
2+]o/ 1.0 mM [Mg
2+]o  (n=5,p<0.001), and significantly accelerated the weighted # to 1.7 ± 
0.2 ms (n=5, p<0.05, Figure 4.4Aiii). These data provide support for the existence of glutamate 
spillover at the developing retinogeniculate synapse.  
 
Cyclothiazide relieves Paired Pulse Depression at the immature retinogeniculate synapse 
If spillover exists at the immature retinogeniculate synapse, then glutamate released from one 
site can bind, activate and desensitize receptors at more distant sites. Therefore a population of 
AMPARs across from a quiescent release site can become desensitized when bound to 
glutamate released from a neighboring site. AMPAR desensitization that occurs this way would 
transiently reduce the number of available AMPARs at neighboring quiescent release sites. If 
glutamate is subsequently released at these neighboring sites within a few miliseconds after the 
initial release event, the synaptic response will be reduced. At the mature retinogeniculate 
synapse, postsynaptic AMPAR desensitization is known to contribute to short-term synaptic 
plasticity because paired-pulse depression is relieved in the presence of CTZ. These 
observations have been used to describe the presence of glutamate spillover between release   
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Figure 4.4: Experimental evidence in support of glutamate spillover 
(Ai) Overlaid AMPAR EPSC traces normalized to peak amplitude in 2.0 mM (blue and green) 
and 0.5 mM (red) external Ca
2+, recorded at Vh=-70 mV in R-CPP (20 µM) and D-AP5 (50µM) to 
block NMDAR-mediated EPSCs. To facilitate comparison of decay, normalized EPSCs are 
aligned by peak amplitude. (ii) Peak amplitude of AMPAR ESPSCs plotted over the time course 
of an experiment, (iii) Bar graph of AMPAR weighted # in 2.0 and 0.5 mM external Ca
2+ (n=5, 
p<0.05) individual experiments shown in gray. CTZ was not included in the bath solution. (B) 
Superimposed AMPAR EPSC2 traces evoked at different ISIs before (black) and during (grey) 
bath application of 50 µM CTZ. Traces are the average of 3-5 trials. The EPSC2 waveforms 
were calculated by subtracting the average single EPSC from the average EPSC response to a 
pair of stimuli. The single EPSC (EPSC1) waveform is shown in bold. (C) The average paired 
pulse ratio (PPR) calculated as %EPSC2/EPSC1 is plotted against ISIs for control (black; n=5 
cells) and CTZ (grey; n=5 cells). Error bars indicate SEM, (P<<0.001, 2-way ANOVA). (Inset) 
Initial phase of the recovery from depression is shown on an expanded time scale. Recordings 
were made in the presence of (R)-CPP (20 µM) to block NMDAR-mediated EPSCs. Bath 
temperature: 35 ± 1°C. (*) p<0.05.  
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sites at the mature synapse (Chen et al., 2002; Budisantoso et al., 2012). We asked whether 
short-term depression (STD) in response to pairs of optic tract stimuli is also relieved by CTZ at 
the immature synapse. 
 
Figure 4.4B shows superimposed traces of the second EPSCs (EPSC2, thin traces) evoked at 
different interstimulus intervals (ISIs), compared to the first EPSC (EPSC1, bold trace). Bath 
application of CTZ slowed the AMPAR EPSC decay and increased the paired pulse ratio (PPR, 
EPSC2/EPSC1, Figure 4.4C). These data are consistent with the findings at the mature 
synapse and suggest glutamate can diffuse between release sites at the immature 
retinogeniculate contact (Chen et al., 2002; Budisantoso et al., 2012). However, our results do 
not distinguish whether the observed glutamate gradient is intra-bouton (within the confines of a 
single bouton), or inter-bouton (where glutamate escapes from the bouton to spill over to 
neighboring quiescent sites located in other boutons). In order to differentiate between these 
possibilities we next examined the glutamate transient of single retinal inputs. 
 
Two populations of single-fiber AMPAR EPSCs 
We hypothesized that if release of glutamate from distant release sites contributes to the slow 
component of the immature EPSC, then we may be able to detect single retinal fiber synaptic 
responses that are mediated purely by spillover. These currents should have distinctly slower 
kinetics than conventional synaptic responses. Therefore, we recorded isolated AMPAR-
mediated single fiber EPSC in the presence of 50µM cyclothiazide (CTZ). Single-fiber EPSCs 
were identified as the synaptic response to minimal stimulation (for details see (Noutel et al., 
2011); Figure 4.5A). Figure 4.5B shows two examples of single fiber currents recorded from the 
same relay neuron. Although the EPSCs were evoked with similar stimulation intensities from 
two nearby sites in the optic nerve, the activation and decay kinetics were very different. 
Analysis of 63 single fiber synaptic responses recorded from 50 relay neurons revealed at least   
  83 
 
 
Figure 4.5: Identification of slow and fast-rising single fiber AMPAR EPSCs 
(Ai) Example of a fast-rise single fiber current. Pairs of stimuli separated by 50 ms (arrowheads 
indicate the time of stimulus) are increased from sub-threshold until a response emerges from 
noise (Vh=-70mV). A response on the second, but not first pulse indicates the single fiber 
response is near-threshold. The same technique is used to identify slow-rising single fiber 
currents (ii). (B) Comparison of two types of single fiber AMPAR EPSC responses recorded 
from the same thalamic relay neuron. The stimulus electrode position in the optic tract differed 
for the two types of synaptic currents. Overlay of fast- (left) and slow-rising (right) single fiber 
currents evoked from 7-10 consecutive trials. The average waveform is shown in red. Currents  
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Figure 4.5 (Continued)  
 
recorded at Vh= -70 mV in the presence of NMDAR antagonists and CTZ. (C) Scatter plot of half 
decay time versus rise time for all single fibers (n=63), dotted line represents linear regression 
fit (Pearson correlation coefficient r
2=0.47; p<<0.0001). (D) Histogram of the 10-90% rise times 
of all the observed single-fiber AMPAR EPSCs. (Ei) Representative averaged traces showing 
(paired pulse depression occurs with both fast-rising (top) and slow-rising EPSCs (bottom). (Eii) 
Summary graph of average PPR of fast-rise (<1 ms, n=5) and slow-rise (>1 ms, n=5) EPSCs. 
(F) Average traces (i) and time course of the peak amplitude (ii) of slow-rising EPSC before and 
during bath application of an AMPAR-specific antagonist 50 !M GYKI52466. (iii) Summary plot 
of the effects of GYKI52466 on the peak amplitude of slow-rising EPSCs (n=3, p<0.01(**)). Bath 
temperature: 35 ± 1°C.  
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two types of EPSCs based on their kinetics. In addition to the familiar fast-rise/fast decay single 
fiber currents, we observed a previously unrecognized population of slow-rising currents with 
small amplitudes and slow decay kinetics. While the time course of the EPSC decay was highly 
variable among the single fiber responses, there was a strong correlation between the rise time 
and decay time of the synaptic current (Figure 4.5C). Fast-rising currents could be distinguished 
from the slow-rising currents by their 10-90% rise times--a histogram of the rise times shows 
two distinct peaks, one at 0.67 ms and the other at 5.2 ms (Figure 4.5D n=63 single fiber 
currents, n=43 mice).  
 
One possible explanation for these slow-rising currents is that they are evoked by inadvertent 
stimulation of the corticothalamic tract. Relay neurons in the LGN receive excitatory inputs from 
both retina and cortex, and corticothalamic EPSCs are known innervate the distal dendrites of 
relay neurons and to exhibit slower kinetics than retinogeniculate currents (Turner and Salt, 
1998; Kielland et al., 2006; Jurgens et al., 2012). However, corticothalamic innervation of the 
LGN is not complete until after eye-opening in mouse (Seabrook et al., 2013), making this 
explanation less likely. Nevertheless, we tested whether the slow single fiber EPSCs could arise 
from corticothalamic inputs by taking advantage of the known fact that retinogeniculate and 
corticothalamic inputs exhibit distinct forms of short-term synaptic plasticity. In response to a 
pairs of stimulation, retinogeniculate synapses exhibit paired-pulse depression (PPD) because 
of their high release probability (PR) while corticothalamic connections display paired-pulse 
facilitation (PPF) due to their low PR (Turner and Salt, 1998). We found that in response to pairs 
of stimulation, the slow-rising EPSC displayed a similar degree of PPD as the fast-rising single 
fiber EPSCs (Figure 4.5E). These results demonstrate that the slow-rising EPSCs are evoked 
by stimulating retinal fibers.   
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We next asked whether the slow-rising single fiber EPSCs were mediated by glutamatergic 
receptors. We found that bath application of the non-NMDA receptor antagonist NBQX (5uM) 
completely abolished the slow-rising current (data not shown). However, NBQX inhibits both 
AMPAR and kainate receptors and the latter are known to give rise to currents with slow kinetics 
(Bureau et al., 2000). To distinguish between AMPAR and kainate receptors we took advantage 
of a selective AMPAR antagonist, GYKI 52466 (IC50 ~10-20 µM for AMPA and ~450 µM for 
kainate receptors; (Tarnawa et al., 1989)). Figure 4.5F illustrates the effects of bath application 
of 50 µM GYKI 52466 on the peak of the slow-rising EPSC. On average, the AMPAR antagonist 
inhibited the slow-rising current to 18.0 ± 1.0% of control (n=3, p<0.01, Figure 4.5Fiii). 
Therefore, the slow-rising retinogeniculate EPSCs result from activation of AMPARs and not 
other glutamatergic receptors.  
 
The effects of "-DGG on slow- and fast-rising AMPAR EPSCs  
If the slow-rising AMPAR EPSCs represent a population of receptors activated by glutamate 
spillover from distant release sites, we would predict that the receptors would experience a 
lower peak concentration of glutamate than that of fast-rising EPSCs. Therefore, we compared 
the effects of 2 mM "-DGG on the peak amplitude of the two types of single fiber AMPAR 
EPSCs. 4.6A and B show representative examples of "-DGG inhibition of a fast- and slow-rising 
EPSC, respectively. A plot of the degree of blockade by the low affinity antagonist as a function 
of all single fiber EPSC rise times showed that synaptic currents with slower rise times were 
more sensitive to inhibition by "-DGG than those with faster rise times (Figure 4.6C). We sorted 
the EPSCs into two groups based on their 10-90% rise times (fast <1.0 ms, slow >1.0 ms) and 
compared the average block by "-DGG. The low affinity antagonist blocked a significantly 
greater percentage of the peak amplitude of the slow-rising currents than of the fast-rising 
currents (76.2 ± 4.2% vs 35.7 ± 2.7% of baseline, respectively; n=6 for each group, p<<0.0001 
Figure 4.6C). Therefore, the slow-rising EPSCs experience a lower peak   
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Figure 4.6: AMPA receptors of fast- and slow-rising EPSCs are activated by different 
glutamate concentrations 
The effects of 2 mM !-DGG (red) on fast-rising (A) and slow-rising (B) AMPAR EPSCs. (C) Plot 
of the percentage peak amplitude blocked by "-DGG verses the EPSC rise time (10-90% rise 
time, ms). The data are fit by an exponential equation (red dotted line). (D) Summary graph of 
the average percent inhibition of the peak amplitude by "-DGG (‘fast’ n=6; ‘slow’ n=6). (E,i) Time 
course of peak slow-rising AMPAR EPSC before and in the presence of the glutamate transport 
blocker TBOA (10 µM) followed by the application of 50 µM GYKI52466. (ii) Average EPSCs 
from the same experiment before (blue line), during bath application of TBOA (red line) and in 
the presence of TBOA+GYKI (black line). Traces are the average of 15-20 trials. (F) Summary 
graph of the effects of TBOA on the slow-rising EPSCs (n=8) quantifying the average change in 
peak amplitude, rise time and normalized charge transfer. Individual experiments are shown as 
grey circles. All recordings were performed in the presence of (R)-CPP and D-AP5 to block 
NMDAR-mediated EPSCs and CTZ to prevent AMPAR desensitization. Bath temperature: 35 ± 
1°C. (*)p<0.05 (**)p<0.01 (***) p<0.001. 
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concentration of glutamate than fast-rising EPSCs, consistent with glutamate diffusing a 
significant distance after its release. These results suggest the presence of inter-bouton 
spillover at the immature developing retinogeniculate synapse.  
 
The amplitude of slow-rising AMPAR EPSCs is potentiated by inhibition of glutamate 
transporters 
To further strengthen the argument that the slow-rising EPSC represents a spillover-mediated 
current, we asked whether it was sensitive to glutamate transporter activity.  We reasoned that 
the degree of inter-bouton glutamate spillover would increase with the inhibition of glutamate 
uptake. Figure 4.6E illustrates the effects of bath application of 10 !M TBOA on the slow-rising 
single fiber EPSC (Figure 4.6 E,F). The peak amplitude of the current increased to 226.0 ± 
32.2% of control (average peak amplitude control: 76.3 ±15.1 pA to 160.2 ± 27.7 pA in TBOA, 
n=8, p=0.01). These changes led in an increase in the normalized charge transfer of the EPSC 
to 214.1± 17.9% of control (n=6, p<0.01, Figure 4.6G). Evidence suggests that the 
concentration of extrasynaptic glutamate is reduced at physiological temperatures and 
transporters have been shown to show strong temperature dependence (Wadiche et al., 1995; 
Asztely et al., 1997; Kullmann and Asztely, 1998). Therefore reducing bath temperature may 
also increase the amplitude of the slow-rising currents due to inhibiting glutamate transporters. 
Indeed, slow-rising current amplitude was increased with a reduction in bath temperature 
(Supplemental Figure 7.2). Therefore, glutamate transporters can regulate the amplitude and 
time course of the slow-rising EPSCs, consistent with a current driven by a prolonged glutamate 
transient. 
 
Inhibiting glutamate uptake does not influence the peak amplitude of fast AMPAR EPSCs  
Previous studies have shown that purely spillover-mediated AMPAR currents display a robust 
increase in peak amplitude in the presence of TBOA, whereas direct synaptic contacts do not   
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Figure 4.7: Inhibiting glutamate uptake does not influence the peak amplitude of evoked 
AMPAR EPSCs at the immature synapse 
(A) Example traces of AMPAR-EPSCs in the presence of 50 µM CTZ and NMDAR antagonists 
and mGluR antagonist LY341495 (Vh=-70) before (black trace) and during (red trace) bath 
application of 10 µM TBOA. (B) Time course of an experiment showing that bath application of 
TBOA does not alter the peak amplitude of the AMPAR-EPSC. (C) Summary plots show no 
significant change in the peak amplitude of the AMPAR EPSC during application of TBOA 
(average: red trace, individual experiments: grey traces, n=6, p>0.3). (D) Example traces of 
AMPAR-EPSCs recorded in the presence of 1mM "-DGG to prevent receptor saturation, 
LY341495, CTZ and NMDAR antagonists. Traces are shown before (black) during (red) and 
after washing out (blue) bath application of 10 µM TBOA. (E) Time course of an experiment 
performed in 1mM !-DGG, the current is abolished in the presence of 5 µM NBQX. (F) Summary 
plots show no significant change in peak amplitude of the AMPAR EPSC during application of 
TBOA in the presence of "-DGG (n=3, p>0.9; average: red trace, individual experiments: grey 
traces). Bath temperature: 35 ± 1°C.  
 
 
  
  90 
(Szapiro and Barbour, 2007). We asked whether this was also true at the retinogeniculate 
synapse.  We found that the amplitude of fast-rising AMPAR EPSCs evoked by stimulating 
multiple retinogeniculate fibers did not change with bath application of 10µM TBOA (peak 
amplitude: 696.1 ± 154.8 pA to 658.2 ± 140.3 pA in TBOA, n=6 p>0.3; Figure 4.7 A-C). Similar 
to our previous finding, the decay of the EPSC was prolonged ((Hauser et al., 2013); Figure 
4.7A,D). 
 
The absence of an effect of TBOA on the peak AMPAR EPSC could potentially be influenced by 
receptor saturation. To control for this possibility, we repeated experiments in the presence of 
the low affinity antagonist "-DGG (1mM). Even in the presence of "-DGG the peak amplitudes 
of the evoked AMPAR EPSCs were unaltered with bath application of TBOA (1090.2 pA to 
1083.3 pA in TBOA, n=3 p=0.9; Figure 4.7 D-F). Therefore the decay, but not the peak, of the 
AMPAR EPSC is influenced by glutamate released from a distant source. These results further 
support the presence of direct and indirect glutamatergic signaling between retinal ganglion 
cells and relay neurons in the developing retinogeniculate synapse. 
 
The Effects of EGTA-AM on EPSC waveform over age 
Our results strongly suggest that glutamate spillover between boutons contribute to the slow 
decay of the evoked retinogeniculate EPSC. This would be consistent with our previous findings 
that retinogeniculate quantal events did not exhibit the slow decay kinetics seen in the EPSCs 
evoked by suprathreshold stimulation. Previously we proposed that delayed release of 
glutamate could contribute to the observed differences in the decay of the quantal and evoked 
EPSC waveform at the immature synapse (Liu and Chen, 2008). In light of our current findings 
that glutamate spillover contributes to the slow component of the AMPAR EPSC, we asked 
whether delayed release and spillover co-exist at the immature retinogeniculate synapse. 
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To test for the presence of delayed release, we used a calcium chelator with a slow binding 
rate, EGTA. Because of the slow binding rate, EGTA has little effect on the high calcium 
concentration transient near open calcium channels (local calcium). However, at later time 
points, after the channels have closed, this high affinity chelator is effective in binding to calcium 
as it equilibrates within the presynaptic bouton and decays to lower concentrations; this calcium 
signal is referred to as residual calcium (Cares). Previous studies at other CNS synapses have 
demonstrated that introduction of relatively low concentrations of EGTA into 
presynapticterminals affect residual calcium much more than the local calcium (Borst and 
Sakmann, 1996). Thus EGTA has been used as a tool to preferentially reduce delayed release 
over synchronous release (Delaney et al., 1989; Vanderkloot and Molgo, 1993; Cummings et 
al., 1996; Feller et al., 1996; Ravin et al., 1997; Atluri and Regehr, 1998).  
 
We introduced EGTA into retinal ganglion cell terminals by bath applying the membrane- 
permeable form of EGTA, EGTA-AM (50 µM) to LGN brain slices (see methods). For voltage-
clamp recordings, we used an internal solution that contained 10mM EGTA, therefore any effect 
of EGTA-AM on the EPSC decay time course could be attributed to alterations in presynaptic 
calcium. Figure 4.8A shows representative traces of EPSCs recorded at -70 mV in the absence 
(black trace) and 15 minutes following bath application (red trace) of 50 µM EGTA-AM for young 
(left) and old (right) synapses. EGTA-AM reduced the peak amplitude of the immature EPSC to 
85.1 ± 3% of control (p<0.01, n=8, Figure 4.8A, left). Normalization of the currents to the peak 
EPSC amplitude before and after exposure to EGTA-AM showed an acceleration of the decay 
time course of the immature EPSC. The weighted # of the EPSC decay decreased to 65.1 ± 
5.9% of control in the presence of EGTA-AM (p<0.05, n=8, Figure 4.8B,C). Notably, the portion 
of the immature EPSC most sensitive to the EGTA-AM was the slow component of the EPSC 
decay time course (Figure 4.8D, red bars, p<0.05, n=8, paired t-test). In contrast to the   
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Figure 4.8: EGTA-AM accelerates the decay kinetics of the immature EPSC 
(A) Representative traces of EPSCs before (black) and 15 minutes after (red) bath application of 
50 µM EGTA-AM recorded from immature (left) and mature (right) synapses. (B) Traces from A, 
normalized to the peak. (C) Summary of average weighted $, before and after bath application 
of EGTA-AM (for immature: 23.9± 4.1 ms to 14.4 ±1.9 ms; n=8, p<0.09; for mature: 4.6 ± 0.6 ms 
to 3.7±0.4 ms, p>0.09, n=6, paired t-test). EPSC decay was fit to a double exponential 
relationship: y0 +A1e(-x/ #fast) + A2e(-x/ #slow), and weighted # = [#fast X A1/(A1 + A2)] +[ #slow X 
A2/(A1 + A2)]. (D) The relative contribution of #slow to the weighted #, [%A2/(A1+A2)], is 
summarized before (black) and after bath application of EGTA-AM (red). Immature: control, 
27.2±4.4% to EGTA-AM, 16.9±2.2%, mature: 7.8±1.6% to 7.6±2.3% of #total). (*) p<0.05. 
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immature synapse, EGTA-AM did not significantly alter the peak EPSC amplitude or the decay 
time course (p>0.7 n=5-6). These results are consistent with a greater contribution of delayed 
release to the immature when compared to the mature EPSC.  
 
The Immature Presynaptic Calcium Transient is Sensitive to EGTA 
As delayed release is driven by presynaptic residual calcium, we next examined the effect of 
EGTA-AM on presynaptic residual calcium transient (Zengel and Magleby, 1981; Zucker and 
Lara-Estrella, 1983; Vanderkloot and Molgo, 1993; Cummings et al., 1996). We introduced 
calcium green-1 dextran into RGC in vivo as previously described (Chen and Regehr, 2003). A 
mixture of calcium green-1 dextran (Kd=540 nM) and Texas red dextran was introduced into the 
eyes of anaesthetized mice. Mice were allowed to recover as the dye was taken up by retinal 
cells. Only axons of RGCs project to the LGN, thus fluorometric calcium measurements 
obtained from acute LGN slices cut 3-7 days after eye injections represent presynaptic calcium 
signals from the retinogeniculate synapse. All experiments were performed with inhibitors of 
GABAA and GABAB (bicuculline, CGP55845A) and glutamatergic receptors ((R)-CPP and 
NBQX) to eliminate both inhibitory and excitatory synaptic transmission. 
 
4. 9 (A,B, right) shows the calcium green-1 ϶F/F transient evoked by optic tract stimulation 
(black trace) and after (grey trace) bath application of EGTA-AM for a p11 and p19 mouse. 
Under control conditions, the decay time course of ϶F/F at the immature synapse is 
significantly slower when compared to that at a more mature synapse (p9-11: 349.6 ± 70 ms vs 
p18-23: 111.7 ± 24 ms, p<0.05, n=4,5 respectively).  At the immature synapse, EGTA-AM 
reduced the peak of the %F/F to 60.6±6% of control while the time course of the calcium 
transient accelerated from 349.6±70 to 24.4±5 ms (to 9.2 ± 4% of baseline)  (p<0.05, n=4). In  
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Figure 4.9: The presynaptic calcium transient at the immature synapse is more sensitive 
to EGTA-AM than that of the mature 
Representative time course of peak #F/F signal before, during and 15 minutes following 
application of 50 µM EGTA-AM from P9-11 (A, left) and P18-23 (B, left) synapses. (A, B right) 
Representative #F/F signals evoked by optic tract stimulation before (black) and 15 minutes 
after (grey) EGTA-AM application in immature (A) and p18-23 (B) mice. Traces are the average 
of 3-5 trials. (C, left) Summary of the average change in the peak amplitude (left) and weighted 
tau (right) of the #F/F in the presence of EGTA-AM relative to baseline in p9-11 (grey) and p18-
23 (black). (D) Averaged representative traces of #F/F signal in response to a pair of optic tract 
stimuli (ISI = 50 ms) shown for immature (left) and p18-23 (middle) synapses. (D, right) 
Summary of peak #F/F ratio from immature and p18-23 (n=4,5 respectively p>0.2) (*) p<0.05, 
(**) p<0.01.  
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contrast, EGTA-AM did not significantly alter the peak of the %F/F signal in older synapses 
(101.7 ± 6% of baseline; Figure 4.9C). Although the calcium chelator accelerated the decay time 
course of the "F/F transient at all ages tested, the effects were much less pronounced at older 
ages (in mature synapses accelerated decay tau from 93.6 ± 20 ms to 38.8 ± 5.7 ms  (n=4, 
p<0.05, 43.3 ± 3.5% of baseline). 
 
The slower time course of the presynaptic calcium transient at the immature synapse could be 
explained by less dye uptake in young verses in old RGCs, leading to saturation of the calcium 
fluorophore. If this were true, one would predict that the response of the presynaptic 
fluorescence transient to pairs of stimuli separated by short interpulse intervals would be 
different over development. With saturation, fewer fluorophores are available to bind to calcium 
after the first stimulus, leading to a reduced second response. To test this possibility, we 
compared the %F/F signal in response to a pair of optic tract stimuli (ISI=50ms) at two different 
age ranges. We found no significant difference in the paired pulse response of peak %F/F 
signals over development (Figure 4.9D). Therefore, differences in the time course of the 
presynaptic calcium transient cannot be attributed to a change in the saturation of the 
fluorophore. These data suggest that a prolonged presynaptic Ca
2+ transient could be 
responsible, in part, for the slow EPSC decay at the immature synapse.  
 
EGTA-AM decreases charge transfer in train of optic tract stimulation 
Since EGTA-AM inhibits the peak of the Ca transient at the immature synapse, it will likely affect 
both synchronous and delayed release (Borst and Sakmann, 1996). As glutamate spillover is 
known to decrease with a reduction in release probability, EGTA-AM cannot be used to 
distinguish between delayed release and glutamate spillover. However, our results show that 
EGTA-AM can accelerate the decay time course of the immature EPSC. Thus it is a useful tool 
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Figure 4.10: The Slow component of the EPSC contributes significantly to the synaptic 
response to trains of stimuli 
Representative EPSCs normalized to the peak of the first EPSC. EPSCs are recorded from 
immature (A) and mature (C) synapses in response to trains of 15 stimuli given at 100, 10 and 1 
Hz frequencies. Traces are the average of 3-5 trials and are shown before (black) and 15 
minutes following bath application of 50 µM EGTA-AM (red). Summary of the normalized charge 
transfer in response to different stimulus frequencies before (black) and following application of 
EGTA-AM (red) for immature (B) and mature (D) synapses. Vh= -70mV. (*) p<0.05, (**) p<0.01. 
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for assessing the physiological contributions of the slow component of the EPSC waveform in 
the developing synapse.   
 
Visual information is encoded in trains of RGC action potentials (Demas et al., 2003; Torborg 
and Feller, 2005; Kerschensteiner and Wong, 2008). We next asked how bath application of 
EGTA-AM influences the synaptic response to trains of optic nerve stimuli at different 
frequencies (Figure 4.10). The synaptic current evoked by trains of optic tract stimuli were  
compared before and after bath application of 50 µM EGTA-AM. To compare the charge 
transfer contributed by the slow component of the EPSC waveform, the synaptic response in 
each condition was normalized to the first EPSC of each train and total charge was calculated. 
We found that the relative charge transfer was significantly reduced by a 15-min EGTA-AM bath 
application for the immature synapse (Figure 4.10 A,B p<0.01, n=8-10) across all three 
frequencies tested. In contrast, at the mature synapse, EGTA-AM had a much smaller effect, 
albeit significant, on relative charge transfer at 100 and 1 Hz (p<0.05, n=7) and no effect at 10 
Hz (p>0.2, n=7, Figure 4.10 C,D). Therefore, the contribution of the slow component of the 
synaptic waveform to the total synaptic charge transfer in response to trains of stimuli is much 
greater at immature when compared to mature retinogeniculate synapses. 
 
Prolonged synaptic currents contribute to relay neuron firing  
To investigate how the slow decay component of the immature EPSC contributes to the relay of 
information at the retinogeniculate synapse, we examined how relay neuron spiking changed 
when the slow component of the current was reduced. The internal solution used for current 
clamp recordings contains a low concentration of EGTA, unlike that for recording in voltage 
clamp mode. Because EGTA-AM would be taken up in both the pre- and post-synaptic neurons 
we could not simply bath apply the calcium chelator while recording relay neuron spikes. An 
alternative approach to examining the relationship between the slow component of the EPSC  
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Figure 4.11: Spike pattern of immature relay neurons is influenced by the EPSC decay 
kinetics 
Current clamp recordings of immature (A) and mature (B) synapses in response to injection of 
their respective current waveforms. Waveforms were obtained from representative average 
Figure legend 4.11 (continued) synaptic responses to 15 stimuli at different frequencies (from 
left to right: 100, 10 and 1 Hz) before (black traces) and after bath application of 50 µM EGTA-
AM (grey traces). Relay neuron spiking was assessed at both Vh of -70 mV (middle panel) and -
55 mV (lower panels). (C, D) Summary of spike probability following current injection waveform   
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Figure 4.11 (Continued) 
 
at a holding potential of –70 mV (C) and -55 mV   at immature (left) and mature (right) synapse. 
Statistical data for 1 Hz for immature neurons are not available because neurons did not fire 
action potentials in response to 1 Hz stimulation/injected current while holding at -70 mV. (*) 
p<0.05. 
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and postsynaptic firing is to compare the spike response to the injection of different synaptic 
current waveforms. For immature and mature mice, representative synaptic responses at 
different stimulation frequencies obtained from our voltage clamp experiments before and after 
50 µM EGTA-AM application (Figure 4.10) were converted into waveforms (Figure 4.11 A and B 
top panels) and injected into the soma of relay neurons. Waveforms were scaled such that the 
amplitude of the first EPSC could reliably drive action potential firing (300 and 1500 pA for 
immature and mature neurons, respectively) at a holding potential of -55 mV in control 
conditions.  
 
Figure 4.11 A & B show the relay neuron firing response to the injection of current waveforms 
representing control conditions (left) and after (right) EGTA-AM application for immature and 
mature synapses. Relay neuron spike probability was analyzed at two holding potentials: one at 
-70 mV (middle panel) and -55 mV (bottom panel). These two holding potentials were chosen in 
order to mimic the burst and tonic firing of thalamic relay neurons, respectively. Previous studies 
have shown that immature relay neurons rest at a more depolarized potential than those of 
mature neurons, consistent with immature neurons firing predominantly in the tonic mode 
(Ramoa and McCormick, 1994; MacLeod et al., 1997; Pirchio et al., 1997). 
 
Spike probability of the immature relay neuron was dramatically reduced in response to the 
EGTA-AM waveforms mimicking the currents evoked by 10 and 100 Hz optic tract stimulation. 
In contrast, the difference between relay neuron spike probability in response to control and 
EGTA-AM waveform injections was much smaller at the mature synapse. In the burst mode of 
firing, the EGTA-AM waveform did not decrease spike probability of mature relay neurons. In 
fact, there was a significant increase of firing at 100 Hz with EGTA-AM (Figure 4.11C ii), 
suggesting that prolonged synaptic currents in mature relay neurons could depolarize the 
membrane enough to result in inactivation of Na channels and, in turn, reduced action potential  
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firing. These data are consistent with a major role for the prolonged component of the EPSC 
decay in driving relay neuron firing at the immature retinogeniculate synapse. 
 
 
DISCUSSION  
Here we provide evidence that the additional current generated by glutamate spillover and by 
asynchronous release increases the probability of immature relay neuron firing. The prolonged 
synaptic current improves the efficiency of RGC transmission to the developing cortex during a 
period when individual synaptic inputs are weak. By examining single fiber synaptic responses 
from immature RGC inputs we uncovered a novel, purely spillover-mediated current. Our results 
suggest that a much larger number of RGCs than those that make direct synaptic contacts 
influence immature relay neuron spiking—this relay of information is critical for proper wiring of 
the visual cortex during development.  
 
Asynchronous Release 
Given the slow decay of the presynaptic calcium transient at the immature synapse, it is difficult 
to distinguish contributions of asynchronous release versus spillover to the EPSC waveform. 
Reducing [Ca]o will decrease residual calcium (Figure 4.4A; (Chen and Regehr, 2003)). In 
addition EGTA-AM reduced the amplitude of the "F/F signal and significantly decreased the 
peak of the immature EPSC (Figure 4.8, 4.9A). At the Calyx of Held, asynchronous release can 
be clearly separated from spillover using fluctuation analysis (Neher and Sakaba, 2001). 
However, this approach requires voltage control over the presynaptic bouton, which has not 
been established at visual synapses. Asychronous release is often shown as the individual 
quantal events that can be resolved following the synchronous evoked response (Isaacson and 
Walmsley, 1995; Chen and Regehr, 1999). At the immature retinogeniculate synapse we were 
unable to reliably isolate such events for several reasons: 1) the peak quantal amplitude at  
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young ages is small (7 pA); 2) both retinogeniculate and corticothalamic contacts contribute to a 
relatively high frequency of spontaneous mEPSCs; and 3) spillover leads to extensive AMPAR 
desensitization that may mask individual single asynchronous events (Chen and Regehr, 2000; 
Chen et al., 2002; Liu and Chen, 2008). However, we have shown that the immature EPSC 
decay accelerates in the presence of the slow calcium buffer EGTA-AM. This suggests that 
release at the immature synapse is sensitive to residual calcium, consistent with asynchronous 
glutamate release. 
  
Asynchronous release of glutamate has been described at both excitatory and inhibitory 
synapses in the CNS (Diamond and Jahr, 1995; Isaacson and Walmsley, 1995; Atluri and 
Regehr, 1998; Lu and Trussell, 2000; Hefft and Jonas, 2005; Hjelmstad, 2006), and has been 
shown to influence synaptic integration and postsynaptic firing patterns (Iremonger and Bains, 
2007; Crowley et al., 2009; Rudolph et al., 2011). We find that the developmental decrease in 
EPSC time course corresponds to the acceleration of the presynaptic calcium transient. The 
slow kinetics of the immature transient cannot simply be explained by saturation of the calcium 
indicator because "F/F response to pairs of stimuli does not change with age (see Figure 4.9).  
 
The substantial developmental acceleration of the calcium transient (#= ~350 ms vs. ~100 ms) 
may be due to changes in the concentration and composition of endogenous calcium buffers 
and/or calcium reuptake mechanisms (Sabatini and Regehr, 1996; Vyleta and Jonas, 2014). 
Other factors, such as shortening of the presynaptic AP width, changes in presynaptic ion 
channel expression levels and kinetics or decrease in AP temporal jitter could also contribute to 
age-dependent acceleration in the presynaptic calcium transient (Wang et al., 1997; 
Taschenberger and von Gersdorff, 2000).  
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In our experiments EGTA significantly accelerated the decay and decreased the peak of the 
EPSC at the immature but not the mature retinogeniculate synapse. At other CNS synapses 
where the exact concentration of calcium buffer can be controlled, reduction of the peak EPSC 
amplitude by presynaptic EGTA suggests loose coupling between calcium channels and release 
machinery (Fedchyshyn and Wang, 2005; Yang et al., 2010; Eggermann et al., 2012; Vyleta 
and Jonas, 2014). A caveat of using membrane permeable EGTA-AM is that the exact 
intracellular concentration of the calcium chelator is unknown, thus we cannot assess how 
components of the release machinery change with age. Despite these limitations, we used 
EGTA-AM to selectively reduce the prolonged component of the EPSC waveform and 
investigate its contribution to synaptic transmission.   
 
Glutamate spillover at the immature synapse 
We show that excitatory currents at the developing retinogeniculate synapse are by both direct, 
and spillover-mediated inputs from RGC axons. We provide multiple lines of evidence involving 
low-affinity antagonists for NMDARs and AMPARs, AMPAR desensitization, manipulations of 
release probability, and characterization of slow and fast-rising single fiber currents. Taken 
together, our data strongly suggest that the prolonged decay of the immature EPSC is 
influenced by spillover of glutamate.  
 
Few central excitatory synapses display such extensive spillover at near physiological 
temperature and with glutamate transporter activity intact. One example is the mossy fiber to 
granule cell (GC) synapse in the cerebellar cortex (DiGregorio et al., 2002). Like the 
retinogeniculate synapse, individual slow rising spillover-mediated AMPAR currents have also 
been recorded from mature granule cells (DiGregorio et al., 2002; Nielsen et al., 2004). 
However, the morphology of the two synapses is very different. At the cerebellar synapse, the 
absence of intervening glia promotes glutamate spillover to non-postsynaptic neurons within a  
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glomerular glial sheath (DiGregorio et al., 2002). In contrast, glomeruli do not encompass 
retinogeniculate contacts in the immature LGN (Aggelopoulos et al., 1989; Bickford et al., 2010). 
The two synapses also respond differently to glutamate transporter inhibition. TBOA did not 
change the peak amplitude of AMPAR currents at the mossy fiber-GC synapse, whereas, our 
results show that TBOA potentiated the peak of the slow-rising current at the immature 
retinogeniculate synapse ((DiGregorio et al., 2002); Figure 4.5). This result suggests that 
despite the presence of glutamate transporters, there is substantial interaction between 
retinogeniculate release sites. TBOA’s effects on the slow-rising retinogeniculate single fiber 
currents are more similar to that of the purely spillover-mediated connection between climbing 
fibers and molecular layer interneurons of the cerebellum (Szapiro and Barbour, 2007; 
Coddington et al., 2013). Consistent with the studies in the cerebellum, our results suggest that 
anatomy alone underestimates the influence of presynaptic neurons on postsynaptic firing. 
 
Functional role of a prolonged glutamate transient and synaptic currents 
Significant glutamate spillover at the immature synapse is unexpected; the classic view of 
activity-dependent refinement at the retinogeniculate synapse assumes synapse specificity 
(Mooney et al., 1993; Butts et al., 2007). It is generally assumed that cross talk between 
synapses would degrade information signaling in the CNS (Barbour, 2001). This may be the 
case at synapses in the auditory system, where information is coded in the precise timing of 
high-frequency transmission (Oertel, 1997). However, in the visual system, relay of information 
relies heavily on temporal summation of synaptic currents (Sincich et al., 2007; Sincich et al., 
2009). Evidence from other central synapses has shown that the consequences of glutamate 
spillover can be desirable: spillover can increase reliability of synaptic signals, synchronize 
neural output and influence processing of local circuits (Isaacson, 1999; Arnth-Jensen et al., 
2002; DiGregorio et al., 2002; Crowley et al., 2009; Coddington et al., 2013). Therefore,  
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glutamate spillover at the retinogeniculate connection could ensure reliable transmission of 
retinal activity to the visual cortex. 
 
There are many potential ways that prolonged synaptic currents could influence activity-
dependent synaptic strengthening and weakening. Previously, we demonstrated the presence 
of high affinity group II/III mGluRs that, when activated, reduce the probability of glutamate 
release (Hauser et al., 2013). Our studies show that the spillover-mediated component of the 
EPSC is sensitive to PR. Therefore, heterosynaptic glutamate spillover and/or differential 
expression of mGluRs on RGC axon terminals could play a major role in activity-dependent 
refinement. Notably, the mGluR-mediated response downregulates with age (Hauser et al., 
2013). 
 
Alternatively, early in the development of a synaptic circuit, specificity may be less important 
than establishing connections onto a postsynaptic cell. In this case, spillover could aid in 
coordinating postsynaptic firing driven by neighboring RGCs. It is feasible that before 
competition occurs between RGCs innervating the same relay neuron, all synapses strengthen 
to a level at which each RGC is strong enough to drive relay neuron spiking. The idea that 
neighboring synapses strengthen and weaken together has been proposed before in other 
developmental systems. Studies in the hippocampus, as well as the retinotectal synapse in 
Xenopus, have demonstrated that heterosynaptic plasticity exists (Engert and Bonhoeffer, 1999; 
Tao et al., 2001; Harvey and Svoboda, 2007). At the retinogeniculate synapse, neighboring 
release sites are more likely to be from the same RGC or from a neighboring RGC (Wong, 
1999). A prolonged glutamate transient may help establish and stabilize the initial retinotopy in 
the developing visual system.  
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Glutamate Transporters at the Retinogeniculate Synapse 
 
 
 
 
 
 
 
 
 
 
 
 
ATTRIBUTIONS: Jessica Lauren Hauser performed all experiments and data analysis for the 
following figures; 5.1, 5.2, 5.5, 5.6, 5.7, 5.8, 5.9 and 5.10. J.L.H. designed the primers and 
performed experiments in Figure 5.4 panel G, the cDNA library used for these experiments was 
provided by Allison Rosen Bialas (Beth Stevens laboratory, Boston Children’s Hospital). 
Experiments for Figure 5.4 panels A-F were performed by Chiye Aoki (NYU, Center for Neural 
Science). Experiments for Figure 5.3 were performed by Jianlin Wang (in collaboration with the 
Paul Rosenberg laboratory, Boston Children’s Hospital).    116 
ABSTRACT 
The retinogeniculate synapse, the connection between retinal ganglion cells (RGCs) and 
thalamic relay neurons in the lateral geniculate nucleus (LGN), undergoes robust synaptic 
remodeling in the first few postnatal weeks. During this dynamic period, several mechanisms 
influence the shape and strength of excitatory transmission: changes in postsynaptic receptor 
composition, activation of metabotropic glutamate receptors (mGluRs), asynchronous release of 
glutamate, and glutamate spillover between different RGC terminals. The ionotropic receptors 
that contribute to immature synaptic currents experience a gradient in peak glutamate 
concentrations. However, the extent to which glutamate transporters, and which specific 
transporters, contribute to this gradient are not known. Moreover, whether receptors that 
mediate transmission at the mature synapse also experience a gradient in peak glutamate 
concentrations has not yet been addressed. In this study, we provide evidence that glutamate 
transporters are responsible for establishing a detectable gradient of peak glutamate 
concentrations at the immature, but not mature, retinogeniculate synapse. In addition, we found 
that the glutamate transporter GLT-1 is expressed in both astrocytes and excitatory synaptic 
terminals in the developing LGN. While GLT-1 is predominantly expressed in astrocytes in the 
CNS, it is also found in some presynaptic terminals in the hippocampus and striatum. Glial GLT-
1 subserves the majority of glutamate removal, leaving the functional role of presynaptic GLT-1 
still unclear. We attempted to address the functional role of presynaptic GLT-1 using a mouse in 
which GLT-1 was genetically removed from neurons. However, we were unable to identify a 
functional role at the retinogeniculate synapse. Our preliminary studies suggest that neuronal 
GLT-1 does not shield activation of nearby mGluRs, and that the majority of synaptic glutamate 
is removed from the developing retinogeniculate synapse by non-neuronal GLT-1 glutamate 
transporters. 
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INTRODUCTION   
Glutamate transporters are a family of five membrane-bound proteins that actively move 
glutamate from the extracellular milieu to the inside of the cell. In addition to maintaining low 
concentrations of extracellular glutamate, they recover the majority of synaptically released 
glutamate and prevent glutamate excitotoxicity (Tzingounis and Wadiche, 2007). The slow 
transport of glutamate from the extracellular space into neurons and glia originally led to the 
assumption that the dominant role of glutamate transporters is to maintain low ambient 
glutamate. However, the location, density and different properties of the transporters have also 
implicated them in synaptic transmission. Transporters have been shown to prevent glutamate 
spillover between synapses, shield the activation of extrasynaptic receptors, and shape the 
timecourse of synaptic currents (Tzingounis and Wadiche, 2007). Of the five excitatory amino-
acid transporters (EAAT1-5), the most abundant glutamate transporter is GLT-1, also known as 
EAAT2, and it is responsible for the majority of glutamate uptake in the brain (Danbolt et al., 
1992; Haugeto et al., 1996; Danbolt, 2001). While GLT-1 is predominantly expressed in 
astrocytes of the brain, it has also been observed in presynaptic terminals in the hippocampus 
and striatum, although the functional role of presynaptic GLT-1 is unknown (Chen et al., 2004).  
 
We found that GLT-1 is expressed at the retinogeniculate synapse. Using immuno–electron 
microscopy, GLT-1 was observed in both astrocytes and excitatory presynaptic terminals in the 
developing LGN. Our previous studies, performed at the immature retinogeniculate synapse 
using the non-selective competitive inhibitor DL-threo-!-benzyloxyaspartate (TBOA), showed 
that glutamate transporters shape the time course of excitatory transmission and shield 
excessive activation of extrasynaptic metabotropic glutamate receptors (mGluRs) (Hauser et al., 
2013). Moreover, the ionotropic receptors that mediate immature synaptic currents experience a 
gradient of glutamate concentrations. The extent to which glutamate transporters, and which 
glutamate transporters, contributes to this gradient is unknown.    118 
 
In this preliminary study, we investigated whether glutamate transporters contribute to the 
gradient of peak glutamate concentration at the immature and mature retinogeniculate contacts. 
In addition, we sought to address to what extent neuronal GLT-1 contributes to the overall 
activity of transporters at the immature retinogeniculate synapse. Using a mouse in which GLT-
1 is selectively removed from neurons, we performed experiments to address whether neuronal 
GLT-1 shields the activation of mGluRs or shapes excitatory currents at the immature synapse. 
Our results suggest that neuronal GLT-1 does not play a major role in synaptic transmission at 
the developing retinogeniculate synapse. 
 
RESULTS 
Glutamate transporters establish a gradient of glutamate concentration at the immature 
retinogeniculate synapse 
Previous studies performed at the developing retinogeniculate synapse have shown that the 
NMDARs present on immature relay neurons in the LGN experience a gradient of peak 
glutamate concentrations following stimulation of the optic tract (Hauser et al., 2014). To 
determine whether glutamate transporters are responsible for establishing the gradient in 
glutamate concentration and limiting the activation of extrasynaptic NMDARs, we designed an 
experiment that combined the use of low-affinity antagonists and an inhibitor of glutamate 
transporters. If the NMDAR EPSC wave form reflects a gradient of peak glutamate 
concentrations dependent on the active removal or buffering of glutamate by glutamate 
transporters, then this would predict that a gradient would be much more difficult to detect when 
transporters are inhibited. Therefore, we hypothesized that the low-affinity antagonist to 
NMDARs L-AP5 would have a smaller effect on the timecourse of the EPSC in the presence of 
the non-transportable inhibitor of glutamate transporters TBOA. 
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In this set of experiments, L-AP5 (1mM) was bath applied either in the presence or absence of 
TBOA (10µM) (Figure 5.1A). 1 mM-LAP5 reduced the EPSC peak amplitude to a similar extent 
either alone or in the presence of TBOA (L-AP5 alone: amplitude, 47.7 ± 2.2% of baseline; L-
AP5 and TBOA: amplitude, 53.5 ± 4.6% of baseline; n=9, 8, p=0.29; Figure 5.1 Ci). This 
suggests that the peak concentration of glutamate in the cleft is not significantly different when 
glutamate transport is inhibited. In the presence of TBOA alone, the decay of the NMDAR ESPC 
was significantly prolonged, similar to previous studies (Thalf: 239.2 ± 4.6% of baseline, n=8, 
p<0.05; (Hauser et al., 2013)). Also, in agreement with previous studies, bath application of L-
AP5 alone significantly accelerated the decay of the NMDAR EPSC (to 71.1 ± 2.7% of baseline, 
n=9 p<0.001; (Hauser et al., 2014)). However, in the presence of TBOA, L-AP5 no longer 
accelerated the decay of the NDMAR EPSC (TBOA plus L-AP5: 100.7 ± 5.6% of baseline in 
TBOA, n=8, p=0.9; Figure 5.1 Cii). Moreover, the effects of L-AP5 on the decay of the NMDAR 
EPSC in the absence and presence of TBOA were significantly different from each other (n=9, 
8; p<0.001, Figure 5.1 Cii). These results indicate that inhibiting glutamate transporters 
increases the activation of the NMDARs that, under normal conditions, experience a lower peak 
concentration of glutamate than those receptors that contribute to the peak of the NMDAR 
EPSC. Furthermore, they indicate a role for glutamate transporters in establishing a gradient of 
peak glutamate concentration at the immature synapse.  
 
 
 
 
   120 
 
 
Figure 5.1: In the presence of TBOA, L-AP5 no longer accelerates the decay of the 
NMDAR EPSC at the immature retinogeniculate synapse 
(A) Time course of an experiment demonstrating one sequence of experimental drug 
application. (B) Overlay of representative NMDAR EPSCs normalized to peak amplitude from 
before (blue trace), during application of 1 mM L-AP5 (red trace) and washout of L-AP5 (green), 
in (Bi) the L-AP5 is applied in the presence of 10 µM TBOA (purple trace) recorded from p8-11 
mice. (C) Summary bar graphs of the effect of L-AP5 on the peak amplitude (i) and Thalf (ii) in 
control conditions (n=9) and in the presence of TBOA (n=8). Recordings were made in the 
presence of NBQX (5 µM) to block AMPAR-mediated EPSCs. Bath temperature: 35 ± 1°C. (***) 
p<0.001.   121 
The absence of a clearly detectable glutamate gradient at the mature retinogeniculate 
synapse 
Several features of the retinogeniculate synapse mature during the first few postnatal weeks, 
including the elimination of synaptic contacts and the strengthening of remaining contacts (Chen 
and Regehr, 2000; Jaubert-Miazza et al., 2005). At the immature synapse, the low-affinity 
antagonist to NMDARs, L-AP5, significantly accelerates the decay of the EPSC compared to 
control suggesting that NMDARs at the immature synapse experience a detectable 
concentration gradient of peak glutamate. This gradient can also include glutamate released 
from neighboring RGCs that do not directly contact the immature relay neuron (Hauser et al., 
2014). The number of direct inputs onto a mature relay neuron is far fewer and the strength 
much greater than those onto an immature neuron (Chen and Regehr, 2000). To address 
whether NMDARs at mature contacts also experience a difference in peak concentrations of 
glutamate, we bath applied L-AP5 to acute retinogeniculate slices prepared from mature (p27-
34) mice. If the waveform at the mature retinogeniculate contact includes NMDARs activated by 
a range of peak glutamate concentrations, then we would predict L-AP5 would accelerate the 
EPSC decay.  
 
In the presence of L-AP5, the peak of the NMDAR EPSC was significantly reduced to 54.3 ± 
2.8% of baseline (1091.7 ± 141.96 pA to 601.68 ± 97.14 pA in 1 mM L-AP5; n=9, p<<0.0001; 
Figure 5.2 Bi). This reduction is similar to that found at the immature synapse (Figure 5.1 Ci), 
this suggests that the peak cleft concentration of glutamate does not significantly change over 
development (p8-11:47.7 ± 2.2% of baseline; p27-34: 54.0± 2.8% of baseline n=9,9 p=0.1). To 
ensure that any potential differences in the decay of the current were not due to voltage-clamp 
errors, we performed parallel experiments with a low concentration of CPP. Bath application of 
the high affinity antagonist CPP (1µM) significantly reduced the peak of the NDMAR EPSC to 
62.5 ± 3.76 % of baseline (1104.53 ± 229.86 pA to 710.66 ± 175.58 pA in 1uM CPP; n=7,    122 
 
Figure 5.2: L-AP5 does not significantly alter the decay of the mature NMDAR EPSC 
(A) Overlay of representative NMDAR EPSCs normalized to peak amplitude from before (black 
trace) and during application of CPP (blue trace, left) or L-AP5 (red trace, right) (B) Bar graph 
summary of the effects of CPP (n=7) and L-AP5 (n=9) on peak amplitude (i) and Thalf (ii) 
recorded from p27-34 mice. (C) Overlay of representative NMDAR EPSCs normalized to peak 
amplitude from before (blue trace), during application of L-AP5 (red trace) and following 
washout of L-AP5 (green dotted trace). In C left, L-AP5 is applied in the presence of 10µM 
TBOA. (D) Bar graph summary of the effects of 1mM L-AP5 on peak amplitude (i) and Thalf (ii) of 
the NMDAR EPSC either in control conditions (white bars, n=4) or in the presence of TBOA 
(purple bars, n=4). Individual experiments are shown as grey circles. 
(*) p<0.05; (**) p<0.01; (****) p<<0.0001. Bath temperature: 35 ± 1°C. 
 
 
p<0.01; Figure 5.2 Bi). The extent to which the two antagonists inhibited the peak of the 
NMDAR EPSC was not significantly different (n=9, 7 p=0.097). In the presence of L-AP5, the 
Thalf of the NMDA EPSC significantly accelerated from baseline (47.9 ± 3.8 ms to 38.0 ± 2.6 ms 
in L-AP5; n=9, p<0.01), whereas the Thalf was not significantly accelerated in the presence of 
CPP (44.8 ± 7.1 ms to 38.12 ± 2.6 ms in CPP; n=7, p=0.02). However, in contrast to our 
findings at the immature synapse, the effects of L-AP5 and CPP on the decay of the NMDAR 
EPSC were did not reach significance (L-AP5: 80.8  ± 3.54% of baseline; CPP: 92.21 ± 8.87%   123 
of baseline; n=9,7, p =0.21, Figure 5.2 Bii). This suggests that the acceleration of the NMDAR 
EPSC seen in the presence of the low-affinity antagonist was largely influenced by changes in 
voltage clamp and not due to the presence of a clearly detectable gradient of peak glutamate 
concentrations.  
 
Glutamate transporters are present and actively shape the waveform at both mature and 
immature retinogeniculate contacts (Hauser et al., 2013). Given that a detectable gradient of 
peak glutamate concentration was not obviously detected at the mature synapses, we next 
asked whether additional extrasynaptic NMDARs could contribute to the synaptic waveform 
when transporters are inhibited. If this hypothesis were true, then we would predict that a low-
affinity antagonist might have a more substantial effect on the EPSC decay with glutamate 
transporters inhibited than under control conditions.  
 
We bath applied L-AP5 (1mM) to retinogeniculate slices in the absence and presence of TBOA 
(10µM). In both conditions, L-AP5 significantly reduced the peak of the NMDAR EPSC to a 
similar extent (L-AP5 alone: amplitude 590.1 ± 48.8 pA to 321.4 ± 41.2 pA; n=4 p=0.01; L-AP5 
and TBOA: amplitude 555.1 ± 154.7 pA to 327.3 ± 88.3 pA in 1mM L-AP5; n=4, p<0.05; L-AP5 
alone: 54.9 ± 7.4% of baseline; L-AP5 with TBOA: 59.4 ± 2.7 % of baseline, n=4, p>0.5; Figure 
5.2 Di). However, no significant difference between the decay of the EPSC in the two conditions 
was observed (L-AP5 alone: Thalf 81.9 ± 9% of baseline vs. L-AP5 with TBOA: Thalf 97.1 ± 3% of 
TBOA baseline, n=4 p>0.2; Figure 5.2 Dii). These data suggest that while there may be a 
gradient of peak glutamate concentrations at the mature synapse, the differences are much 
more difficult to detect than at the immature synapse.  
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Low-affinity antagonists do not alter sodium-dependent glutamate uptake 
One potential pharmacological caveat that may occur when combining low-affinity antagonists 
with the glutamate transport inhibitor TBOA is that the low-affinity antagonists may also inhibit 
glutamate transporters. Antagonists of glutamate transporters and ionotropic glutamate 
receptors are based on their ability to compete with glutamate binding; one could imagine 
overlap in their ability to inhibit their targets. In order to address this concern, glutamate uptake 
was measured in cultured cells using a technique previously described (for detailed methods 
see Chapter 2 and (Petr et al., 2013a)), and the amount of sodium-dependent glutamate uptake 
was compared between conditions (Figure 5.3).  
 
No significant effects were found between the no treatment control condition and various 
concentrations of the low-affinity NMDAR antagonist L-AP5 (100 µM: 91.2 ± 9.5% of control; 
300 µM: 96.6 ± 10.9% of control; and 1.0 mM: 94.9 ± 11.1% of control; n=3). In addition, no 
significant differences were observed between control and various concentrations of the low-
affinity AMPAR antagonist !-DGG (100 µM: 90.4 ± 10% of control; 300 µM: 95.3 ± 11.7% of 
control; and 1.0 mM: 90.0 ± 11.4% of control; n=3). The glutamate transport inhibitor TBOA 
(30µM) significantly reduced glutamate uptake to 9.8 ± 0.5% of control (n=3). These results 
confirm that low-affinity antagonists to NMDARs (L-AP5) and AMPARs (!-DGG) do not alter 
sodium-dependent glutamate uptake through glutamate transporters. 
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Figure 5.3: Na
+- dependent glutamate uptake is not inhibited by low-affinity antagonists 
to NMDA and AMPA receptors 
Sodium dependent glutamate uptake was measured in absence and presence of varying 
concentrations of NMDAR (L-AP5) and AMPAR (!-DGG) low-affinity antagonists. In the 
presence of the low-affinity antagonists, no significant differences were detected in the amount 
of Na
+- dependent uptake. In contrast, 30 µM TBOA significantly inhibited uptake. Error bars 
indicate SEM. Data is pooled data from 3 experiments. (***) p<0.001 
 
 
 
The glutamate transporter GLT-1 is expressed in axon terminals and astrocytes in the 
immature LGN 
Previous studies have shown that the glutamate transporter GLT-1 is predominantly expressed 
in astrocytes of the CNS, and its expression level increases with age (Furuta et al., 1997; 
Danbolt, 2001). GLT-1 has also been found in axon terminals of the hippocampus and striatum 
(Chen et al., 2004; Furness et al., 2008; Petr et al., 2013b). To investigate whether GLT-1 is 
expressed in the LGN early in development, electron microscopy was performed on sections 
from littermates: one p8 wildtype and one p8 complete KO of GLT-1 (Tanaka et al., 1997).  
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The presence of GLT-1 in glia and glutamatergic axon terminals at p8 was observed using a 
monoclonal antibody directed against the C-terminus of GLT-1a (1:10,000 provided by Dr. 
Jeffrey Rothstein). Figure 5.4 shows example micrographs depicting GLT-1 labeled in 
astrocytes (Figure 5.4 A) and presynaptic glutamatergic membranes (Figure 5.4 B) in wildtype 
p8 LGN. In KO tissue, immunolabeling is drastically reduced, although not completely 
eliminated (Figure 5.4 C). Interestingly, very few astrocytes were found in GLT-1 KO LGN. The 
micrograph in Figure 5.4 D shows an example of a nicely-developed excitatory synapse 
surrounded by large unoccupied extracellular space. This could imply that in the absence of 
GLT-1, there is a reduction in the number of astrocytes or slower astrocytic development 
compared to wildtype.  
 
A total of 129 micrographs from WT LGN and 51 micrographs from KO LGN were analyzed for 
labeling of synapses and astrocytes (Figure 5.4E,F). A total of 89 astrocytes were found in WT; 
21 of these were unlabeled, 5 were lightly labeled, and 63 were intensely labeled (24, 6 and 
71% respectively). In contrast, a total of 39 astrocytes were identified in KO LGN and none of 
these astrocytes showed labeling for GLT-1. Using the same micrographs, 71 excitatory 
synapses were identified from WT LGN and 42 from GLT-1 KO LGN. Of the 71 asymmetric 
synapses found in WT LGN, 24 displayed intense labeling of GLT-1 in presynaptic terminals 
(34%), 18 were lightly labeled (25%), and 29 did not have any labeling (41%). Of the 42 
synapses identified in the GLT-1 KO LGN, 5 were intensely labeled (12%), 3 were lightly labeled 
(7%), and 34 were unlabeled (81%). While some background labeling was seen in the complete 
KO of GLT-1 (Figure 5.4D), there was a significant reduction of labeled compared to WT. Future 
studies using a greater dilution of primary antibody (1:30,000) may reduce the background 
labeling of presynaptic terminals.  
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Figure 5.4: GLT-1 is expressed in the developing LGN and p8 RGCs 
Electron micrographs (EM) of p8 LGN immunolabled using a monoclonal anti-GLT-1a antibody 
directed against the C-terminus of GLT-1a. GLT-1 expression in astrocytes (A) and in a 
subpopulation of axon terminals forming asymmetric synapses (B). Reduced labeling of GLT-1 
is seen in the complete knockout of GLT-1 (C). Panel D shows the absence of astrocytes and 
extensive extracellular space (i) in the complete GLT-1 KO. Quantitative description of electron 
micrographs comparing percentage of total presynaptic terminals (E) or astrocytes (F) 
unlabeled, lightly labeled and intensely labeled between p8 wild-type and GLT-1 null littermates. 
(G) PCR using primers designed against GLT-1 and GAPDH in RGCs acutely isolated from P8 
mice using immunopanning. Sizes of bands correlated with predicted sizes: 270, 259, 100 and 
84 bp. Scale bar=500nM   128 
At early developmental time points, excitatory synaptic terminals of retinogeniculate and cortical 
origin cannot be differentiated based on morphology (Bickford et al., 2010). Starting around age 
p14, retinal terminals are found with round vesicles, large profiles, and pale mitochondria (RLP) 
(Aggelopoulos et al., 1989). In contrast, excitatory terminals from cortex have round vesicles, 
small profiles and dark mitochondria (RSD profiles). Therefore, we cannot conclude whether the 
excitatory terminals labeled in the p8 LGN are corticothalamic or retinogeniculate. However, we 
next addressed whether we could detect GLT-1 mRNA in immature RGCs. We performed PCR 
on cDNA isolated from p8 RGCs (generous gift of Allison Bialas and Beth Stevens (Bialas and 
Stevens, 2013)) using primers designed to recognize all 3 mRNA variants of GLT-1 (for detailed 
methods see Chapter 2). Using these primers, we were able to see bands at all of the predicted 
sizes (Figure 5.3 G). This suggests that GLT-1 mRNA is present in p8 RGCs. Future studies 
using co-labeling of the presynaptic vesicular glutamate transporter (VGluT2) and GLT-1 would 
further confirm the presence of GLT-1 in presynaptic retinogeniculate and not corticothalamic 
terminals because axonal projections from the cortex express VGluT1. 
 
Comparing properties of the retinogeniculate synapse between neuronal KOs of GLT-1 
and control littermates 
We generated conditional GLT-1 knockouts to investigate a possible role for the neuronal GLT-1 
at the retinogeniculate synapse. GLT-1
flx/flx mice were crossed to mice that express Cre 
recombinase under the neuronal-specific Synapsin promoter (Synapsin/Cre) to knockout GLT-1 
only in neurons, leaving glial GLT-1 expression intact (GLT-1 nKO mice, for details see Chapter 
2). While the relative concentration of GLT-1 in axon terminals is much lower than that found in 
surrounding glia, the proximity of GLT-1 to the synaptic cleft suggests it may have a functional 
role in synaptic transmission.    129 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Differences between neuronal KOs of GLT-1 and control littermates 
Average time course of normalized NMDAR EPSCs (A) and holding current in response to a 
+40mV step (D) recorded from GLT-1
flx/flxSynapsinCre
+ (nKO) and GLT-1
flx/flxSynapsinCre
- 
(control) littermates ages p9-11. Graphs of the Thalf of normalized NMDAR EPSCs (B) relay 
neuron capacitance (C) baseline holding currents (E), and membrane resistances (F) from nKO 
and control littermates (n=20,12). Individual data points are shown as grey circles. (#)p<0.05. 
Bath temperature: 35 ± 1°C. 
 
 
In wildtype mice the presence of the glutamate transport inhibitor TBOA significantly prolongs 
the decay of the NMDAR EPSC at the retinogeniculate synapse (Hauser et al., 2013; Hauser et 
al., 2014). We hypothesized that if neuronal GLT-1 were contributing to removal or buffering of 
synaptic glutamate, then we would expect to see differences between the two genotypes in the 
shape of the baseline NMDAR EPSC waveform. While no significant differences were found in 
the peak currents, ages, stimulus intensities, or access in p8-11 mice that were either Cre(+) 
(GLT-1 nKO) versus their Cre(-) littermates recorded from the two groups (all experiments were 
performed blind to genotype), the Thalf of the NMDAR EPSC in nKOs was significantly slower 
than control littermates (Cre(-):41.3 ± 2.4 ms v. nKO: 53.7 ± 3.6 ms, n=12, 20 p<0.05, unpaired   130 
t-test. Figure 5.5 A,B). In addition to the differences in the recorded NMDAR EPSC waveforms, 
relay neurons of the GLT-1 nKO were found to have a smaller capacitance than control neurons 
(control: 95.6 ± 5.1 pF and nKO 82.9 ± 3.1 pF; n=12, 20; p<0.05 unpaired t-test; Figure 5.5 C). 
 
While no other significant differences were found in the baseline currents recorded from the two 
genotypes, some trends were noted. The relay neurons from the nKO had slightly higher 
membrane resistances than control (control: 219.3 ± 38 M"; nKO: 254.0 ± 20.66 M", n=12, 20; 
p=0.083, Mann-Whitney, Figure 5.5 F). In addition, we found that in the nKO, the holding current 
(Ihold) in response to a +40-mV step was less than that found in control littermates (control: 248.3 
± 38.0 pA; nKO: 199.8 ± 17.9 pA; n=12, 20; p=0.077, Mann-Whitney, Figure 5.5 D). If a portion 
of the Ihold includes current contributions from the basal activation of NMDARs, baseline Ihold 
differences could reflect a difference in the concentration of ambient glutamate. To test whether 
the Ihold could indicate tonic low-level activation of NMDARs by ambient glutamate, we 
performed experiments on wildtype mice and looked at the effects of a high concentration of the 
high-affinity antagonist (20 µM CPP) on the holding current. 
 
Bath application of CPP on acute slices prepared from control, wildtype mice, resulted in a 
significant decrease the average size of the Ihold following a +40mV- step (baseline Ihold: 118.2 ± 
9.3 pA to 67.8 ± 3.3 pA in CPP; n=4, p<0.01, Figure 5.6). On average, 50.4 ± 6.2 pA of the Ihold 
is sensitive to CPP (42.2 ± 1.9%). These data suggest that the trend toward a difference in the 
Ihold between genotypes may indicate differences in extracellular glutamate concentration. 
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Figure 5.6: NMDARs contribute Holding currents following a +40mV step 
Ihold in response to a +40mV step recorded from p10-11 mice. Average traces (Ai) and time 
course (Aii) are shown before (blue trace) during (red trace) and following (green trace) 
application of 20 µM (R)-CPP. (B) Summary of multiple experiments showing the contribution of 
CPP-sensitive current; average and SEM shown in black, individual experiments shown in grey 
(n=4, p<0.01). (**)p<0.01. Bath temperature: 35 ± 1°C. 
 
 
No striking differences in baseline mGluR occupancy between genotypes 
Early in development, glutamate transporters shield the excessive activation of presynaptic 
mGluRs (Hauser et al., 2013). If neuronal GLT-1 normally prevents glutamate from reaching, 
binding, and activating presynaptic mGluRs, then if we inhibit the mGluR response in the 
neuronal knockout of GLT-1, we would expect the peak of the NMDAR EPSC to increase to a 
greater extent than control littermates. We measured the NMDAR EPSC before and during bath 
application of LY and found that, similar to previous reports, the peak of the control was 
significantly increased (698.3 ± 93.5 pA to 798.3 ± 95 pA in LY341495, n=8, p<0.01). Addition of 
LY to the bath also led to an increase in the peak amplitude of the nKO, although this difference 
did not reach significance (717.5 ± 141.3 pA to 850.5 ± 161.9 pA in LY, n=6, p=0.088; Figure 
5.7B). No significant difference was found when comparing the percentage increase in peak 
amplitude between the two genotypes (control in LY: 116.3 ± 4.2% of baseline; nKO in LY: 120 
± 9.3% of baseline; n=8,6; p=0.73). These results do not support the hypothesis that neuronal   132 
GLT-1 shields presynaptic mGluRs from glutamate activation, rather, there appears to be no 
significant difference between genotypes and the baseline occupancy of mGluRs. 
 
 
 
Figure 5.7: Inhibition of group II/III metabotropic glutamate receptors (mGluRs) in nKO of 
GLT-1 and control littermates 
Example averaged NMDAR EPSC traces (A, left) and timecourse (A, right) before (black line) 
and during (red line) bath application of 50µM LY341495. Example recording are from a p10 
GLT-1 nKO mouse. (B) Summary bar graphs showing the effects of LY on NMDAR EPSC peak 
amplitude percentage of baseline in control (white) and GLT-1 nKO (grey) mice (n=8,6). 
Individual parameters shown as grey circles. (**)p<0.01. Bath temperature: 35 ± 1°C 
 
 
Neuronal GLT-1 is not the major glutamate transporter responsible for removing 
synaptically released glutamate  
Glutamate transporters shape the EPSC waveform at the immature retinogeniculate synapse 
(Hauser et al., 2013). When transport is inhibited, the peak of the NMDAR- EPSC increases 
(when the mGluR response is inhibited with 50 µM LY341495) and the decay of the EPSC is 
significantly prolonged. If a significant portion of this response were due to the inhibition of 
neuronal GLT-1, then we might expect a significantly reduced response to TBOA in the nKO of 
GLT-1. We recorded isolated NMDAR EPSCs (Vh=+40mV) in the presence of LY to prevent 
mGluR activation and compared the responses of GLT-1 nKO to transporter inhibition.   133 
 
In the presence of TBOA, the peak current significantly increased in both genotypes (control: 
741.1 ± 84.6 pA to 1000.8 ± 133.3 pA in TBOA n=8, p<0.01; nKO: 915.5 ± 128.2 pA to 1552.3 ± 
282 pA in TBOA n=8, p<0.05, Figure 5.8A, Bi). In addition, the Thalf of the NMDAR EPSC was 
also significantly prolonged in both genotypes, in agreement with previous studies (control: n=8, 
p<0.001; nKO: n=8, p<<0.0001; Figure 5.8 Bii). However, these changes in the synaptic 
waveform were similar in both the GLT-1 nKO and their littermate controls (Figure 5.8 Biii). 
These results suggest that neuronal GLT-1 does not play a major role in shaping the NMDAR 
EPSC waveform at the immature retinogeniculate synapse.  
 
 
Figure 5.8: Inhibition of glutamate transporters in nKO of GLT-1 and control littermates 
(A) Representative NMDAR EPSC averaged traces (i) recorded before (blue), during application 
of 10µM TBOA (red), following washout of TBOA (green), and in the presence of 20µM CPP. 
(Ai, right) NMDAR EPSC traces normalized to peak amplitude. (Aii) Example time course of an 
experiment plotting NMDASR EPSC peak amplitude under control conditions or in the presence 
of TBOA or CPP. (B) Summary data comparing the response of Cre (-) control and Cre(+) GLT-
1 nKO NMDAR EPSC peak amplitude (i), Thalf (ii) before, during and following TBOA application. 
(Biii) Summary bar graphs showing the percentage change from baseline in peak and Thalf in the 
presence of TBOA. Cre(-), control (n=9), Cre(+) GLT-1 nKO (n=12).  
Bath temperature: 35 ± 1°C.   134 
 
Differences between nKO of GLT-1 and control littermates are not due to the presence of 
Cre protein 
The minor differences seen between the GLT-1 nKO and their littermate controls may be due to 
the absence of GLT-1 from neurons expressing Synapsin. However, because of the way the 
animals were generated (GLT-1
flx/flx crossed with GLT-1
flx/flxSynapsinCre
+/-), another possibility is 
that the presence of Cre protein in synapsin expressing cells could also explain the differences. 
Although not widely addressed in the literature, the presence of Cre protein has been shown to 
cause developmental delays in other areas of the nervous system. To control for this possibility, 
we compared Synapsin/Cre positive and Cre negative littermates and looked for differences in 
synaptic waveforms and passive properties of relay neurons. 
 
No significant differences between the two genotypes were found in the shape of the NMDAR 
EPSC (n= 8,14, p>0.7; Figure 5.9) or the holding current in response to a +40mV step (n=8, 14, 
p>0.7). In addition, no differences were found in the relay neuron capacitance or membrane 
resistance between the two genotypes (Cm: n=8,14 p>0.7 and Rm: n=8,14, p>0.7). Also, no 
differences were found in the baseline occupancy of mGluRs (n =6, 9; p>0.3). Inhibition of 
glutamate transport with 10µM TBOA had similar effects on NMDAR currents recorded from the 
two genotypes (Peak amplitude control, nKO n=7,9, p>0.3; Thalf: n=7, 9; p>0.55 unpaired t-test). 
These results indicate that differences between the GLT-1 nKO mice and their littermate 
controls are unlikely to be due to the presence of Cre protein. 
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Figure 5.9: Control experiments for the presence of CRE protein 
Summary bar graphs comparing Synapsin/Cre negative (Cre(-), white bars) and Synapsin/Cre 
positive (Cre(+), grey bars) littermates. (Ai) Thalf of the normalized NMDAR EPSC. (Aii) Baseline 
holding currents following a +40mV step. (Aiii) Cell capacitance. (Aiv) Membrane resistance 
(Cre(-) n=8; Cre(+) n=14). (B) Summary bar graphs comparing the effects of 50µM LY341495 
(Cre(-) n= 6 and Cre(+) n= 9). (C) Effects of 10µM TBOA on NMDAR peak amplitude and Thalf 
shown as percentage of baseline (Cre(-) n= 7 and Cre(+) n= 9). Individual experiments are 
shown as grey circles. (n.s.) not significant, all p values >0.7. Bath temperature for all 
experiments: 35 ± 1°C. 
 
GLT-1 nKO and littermate controls have similar peak concentrations of synaptic 
glutamate  
At the immature retinogeniculate synapse, the NMDARs that contribute to the EPSC waveform 
are activated by a gradient of peak glutamate concentrations. This gradient is dependent on 
intact glutamate transporter uptake (see Figure 5.1). If neuronal GLT-1 plays a role in 
establishing the gradient, then we would predict that the low-affinity antagonist to NMDARs 
would not accelerate the NMDAR EPSC waveform. To test this hypothesis, we measured the 
effect of L-AP5 on isolated NMDAR currents in GLT-1 nKO mice. In the presence of 1mM L-
AP5, the peak amplitude of the NMDAR EPSC was significantly reduced to 30.7 ± 5.5% of   136 
baseline (780.8 ± 84.1 pA to 242.2 ± 51 pA in L-AP5; n=6, p<0.001, Figure 5.10). Moreover, the 
decay of the NMDAR ESPC was significantly accelerated to 68.4 ± 4% of baseline (62.7 ± 4.7 
ms to 43.6 ± 5.7 ms in L-AP5; n=6, p<0.001). These results are consistent with our previous 
findings at wildtype immature retinogeniculate synapses.  
 
To control for potential voltage-clamp errors, experiments were performed in parallel using a low 
concentration of the high affinity NMDAR antagonist CPP. CPP decreased the peak NMDAR 
current to a similar extent as L-AP5 (CPP: 34.5 ± 3.9% of baseline v L-AP5: 30.7 ± 5.5% of 
baseline; n=8,6 p>0.5; Figure 5.10 B). However, the effects of the two antagonists significantly 
differed on their influence on the decay kinetics of the NMDAR EPSC (CPP: 94.2 ± 10% of 
baseline v. L-AP5 68.4 ± 4% of baseline n=8,6, p<0.05). These results are also consistent with 
those previously describing this synapse, and indicate that neuronal GLT-1 does not play a 
major role in establishing the gradient of peak glutamate concentrations experienced by 
NMDARs at the immature synapse. 
 
Another analysis that allows for the comparison of glutamate concentrations between genotypes 
is to compare the effects of the low-affinity antagonist directly between GLT-1 nKO and 
littermate controls. If the peak concentration of glutamate reached in the synaptic cleft is greater 
in the absence of neuronal GLT-1, then we would expect for the low-affinity antagonist to have a 
smaller effect on the peak of the NMDAR EPSC when compared to controls. However, L-AP5 
did not have a significantly different effect in reducing the peak NMDAR amplitude between the 
two genotypes (Peak amplitude: Cre(-) 44.95 ± 4.9% of baseline in L-AP5 v. Cre(+) 30.7 ± 5.5% 
of baseline in L-AP5, n=5, 6; p=0.09). Moreover, the antagonist accelerated the NMDAR EPSC 
decay to a similar extent (Cre(-) : 78.4 ± 4.8 % of baseline in L-AP5 v. Cre(+): 68.4 ± 4.0% of 
baseline in L-AP5, n=5,6; p=0.15; Figure 5.10 C). These results further suggest a minor role of 
neuronal GLT-1 in shaping synaptic currents at the immature retinogeniculate synapse.       137 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: L-AP5 significantly accelerates the NMDAR EPSC in nKO of GLT-1 
(A) Example time course of an experiment plotting NMDAR EPSC (Vh= +40 mV) peak 
amplitudes under control conditions or in the presence of 1mM L-AP5, 1.2 µM CPP or at Vh=0 
mV. (B) Representative normalized NMDAR EPSCs recorded from GLT-1 nKO from baseline 
(blue trace) and during application of L-AP5 (red trace) or low concentration of (R)-CPP (grey 
trace). (B, right) Summary bar graphs showing CPP and L-AP5 effects on peak amplitude and 
tau shown as percentage of baseline (n=8,6). (C) Summary bar graphs comparing the effects of 
1mM L-AP5 on Cre(-) (n=5) and Cre(+) (n=6) GLT-1 nKOs on peak amplitude (left) and NMDAR 
EPSC decay (right). (#)p<0.05; Bath temperature for all experiments: 35 ± 1°C. 
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DISCUSSION   
Glutamate transporters in the brain serve roles beyond maintaining the low ambient levels of 
glutamate needed to establish a suitable signal-to-noise ratio (Tzingounis and Wadiche, 2007). 
When ambient glutamate levels are excessively high, neuronal death can occur through a 
process of excitotoxicity (Choi, 1988; Meldrum and Garthwaite, 1990; Lipton and Rosenberg, 
1994). Aside from this primary function, glutamate transporters have also been shown to 
influence synaptic transmission (Tzingounis and Wadiche, 2007). In this study, we provide 
evidence that glutamate transporters contribute to the gradient of peak glutamate 
concentrations experienced by NMDARs at the immature, but not mature, retinogeniculate 
synapse. We also tested the hypothesis that the unique position of the neuronal glutamate 
transporter, GLT-1, in presynaptic terminals may play a functional role in determining the 
strength and shape of synaptic transmission at the immature synapse. Our data suggest that 
neuronal GLT-1 is not the major glutamate transporter responsible for shaping synaptic 
transmission early in development, and its function in presynaptic terminals remains unclear. 
Further studies will be needed to determine the role of neuronal GLT-1.  
 
Glutamate spillover at the retinogeniculate synapse over development  
The geometry of a synapse can either promote or inhibit the extent of glutamate spillover 
(Sykova and Nicholson, 2008). For example, at synaptic connections where there are multiple 
release sites in close proximity and a high probability of release, neurotransmitter is more likely 
to accumulate and activate extrasynaptic receptors. At the mature retinogeniculate connection, 
diffusion of glutamate is largely restricted to two dimensions because of the large contact size of 
each RGC bouton and an average of 27 release sites per bouton (Budisantoso et al., 2012). In 
some cases, glia form glomeruli around aggregates of presynaptic terminals, which further limit 
glutamate diffusion (Rafols and Valverde, 1973; Aggelopoulos et al., 1989; Budisantoso et al., 
2012). Physiological data suggests there are fewer release sites per RGC axon in the young   139 
LGN, although it’s likely that there is more than one release site per immature bouton (Chen and 
Regehr, 2000). Our EM studies at the immature retinogeniculate synapse are consistent with 
those in the literature, where some astrocytes are present but do not fully encapsulate synaptic 
terminals (Aggelopoulos et al., 1989; Bickford et al., 2010). Since glutamate spillover occurs 
throughout development, this could mean that there are distinct differences in the type of 
spillover. 
 
The low-affinity antagonists to NMDARs at the retinogeniculate synapse at two developmental 
timepoints had similar effects on the peak currents, suggesting that the peak glutamate 
concentration in the cleft does not significantly change with development. In contrast to the 
immature synapse, application of L-AP5 to the mature synapse did not accelerate the decay of 
the NMDAR current, implying that the ionotropic receptors experience a more uniform 
concentration of glutamate. This is in contrast with published experimental and modeling studies 
showing that AMPAR desensitization occurs from intersynaptic glutamate diffusion and spillover 
(Chen et al., 2002; Budisantoso et al., 2012). One reason for this discrepancy is that our studies 
relied on currents generated by high-affinity NMDARs and, therefore, may not be sensitive 
enough to detect a gradient in peak glutamate concentration at the mature synapse. In addition, 
we recorded currents generated by the stimulation of multiple RGC axons. Performing similar 
experiments on single fiber currents may also be more sensitive and potentially reduce the 
extent of voltage clamp error at later ages. Despite these caveats, studies at the mature 
synapse only indicate that glutamate can diffuse between RGC terminals that make direct 
contacts onto the same relay neuron. Purely spillover-mediated currents can be isolated from 
the immature synapse, but have not been found at the mature contact (unpublished 
observations). These data suggest that although glutamate spillover may occur throughout 
development, glutamate is able to diffuse far greater distances in the immature LGN.  
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Developmental changes in glutamate clearance at other central synapses 
Developmental changes in glutamate clearance have also been studied at a number of other 
CNS synapses. At the hippocampal CA3-CA1 Schaffer collateral synapse, changes in both 
neuropil structure and glutamate uptake influence the timecourse of synaptically released 
glutamate during development (Thomas et al., 2011). Specifically, early in development, 
glutamate clearance is dominated by diffusion due to vast extracellular space. Later, following 
upregulation in transporter expression and consolidation of the neuropil, transporters play a 
more dominant role in glutamate clearance (Thomas et al., 2011). At the large glutamatergic 
synapse of the auditory system, the Calyx of Held, postsynaptic AMPAR desensitization due to 
glutamate spillover influences short-term plasticity prior to the onset of hearing, but then 
disappears in older animals (Neher and Sakaba, 2001; Joshi and Wang, 2002; Taschenberger 
et al., 2002; Renden et al., 2005; Taschenberger et al., 2005). At another synapse, the rat 
hypothalamic supraoptic nucleus, glutamate clearance is modulated by hormonal control of glial 
coverage (Oliet et al., 2001). Excitatory transmission is influenced by the synaptic micro-
environment, including neuropil structure, glial coverage, transporter location, and expression. 
All of these factors can vary depending on the brain region, developmental stage, and 
physiological state of the body. 
 
The glutamate transporter GLT1 in excitatory synaptic terminals 
Our EM and PCR data suggest that GLT-1 is expressed in excitatory retinogeniculate synaptic 
terminals in the developing LGN, though further evidence is needed to confirm its presence in 
retinogeniculate terminals, specifically, co-labeling of GLT-1 and the RGC terminal-specific 
vesicular glutamate transporter, VGlut2. The function of GLT-1 in excitatory synaptic terminals 
has been a subject of debate (Tzingounis and Wadiche, 2007). If the glutamate transporter is 
present in presynaptic terminals, what function could it serve, considering it has a relatively low 
expression compared to astrocytes? In the hippocampus, the postsynaptic glutamate   141 
transporter EAAC1 has been shown to buffer synaptically released glutamate, prevent activation 
of extrasynaptic NMDARs, and influence synaptic plasticity (Diamond, 2001; Scimemi et al., 
2009).  
 
We observed minor differences in the shape of the NMDAR EPSC in the neuronal knockout of 
GLT-1. The prolonged current seen in the nKO could imply that glutamate removal is impeded 
in the absence of neuronal GLT-1. Conversely, the absence of GLT-1 in neurons may lead to a 
developmental delay. The trend toward a larger input resistance and a decreased cell 
capacitance in the nKO relay neurons are consistent with developmental delay (Ramoa and 
McCormick, 1994). A major caveat of using the Synapsin/Cre mouse is that GLT-1 will be 
removed from all pre- and postsynaptic neurons that express Synapsin I. A more targeted 
approach that removes GLT-1 only from RGCs would address problems of specificity. This 
could be accomplished by injecting AAV2-Cre into the eyes of GLT-1
flox/flox mice to target RGCs 
(Malik et al., 2005; Shevtsova et al., 2005). Also, not all presynaptic terminals in the LGN 
showed GLT-1 immunoreactivity. The currents in these present studies were generated by 
stimulating multiple retinogeniculate fibers at low frequency (0.025 Hz) and, therefore, may have 
masked a more subtle synaptic phenotype. Perhaps using a single-fiber approach or stimulating 
at more natural frequencies (similar to (Hauser et al., 2013) in the future would reveal 
differences between GLT-1 nKO and controls. The lack of a more striking phenotype could also 
be attributed to compensatory upregulation of GLT-1 or other glutamate transporters in nearby 
astrocytes. To address this concern, future studies using in situ hybridization or 
immunoreactivity could be used to examine the expression of GLT-1, GLAST or EAAT3 in LGNs 
of GLT-1 nKOs and control littermates. 
 
Recorded hippocampal NMDAR-mediated currents from the complete knockout of GLT-1 show 
significantly less inhibition by L-AP5 than wild-type slices, implying that the peak concentration   142 
of synaptic glutamate is greater in the complete absence of GLT-1 (Tanaka et al., 1997). In 
contrast, our studies using the low-affinity antagonists on currents from GLT-1 nKOs suggest 
that the glutamate transient is not significantly altered from controls.  
 
In Purkinje cells of the cerebellum, the perisynaptic postsynaptic glutamate transporter EAAT4 
prevents the activation of postsynaptic group I mGluRs and thus influences the extent of 
synaptic depression (Brasnjo and Otis, 2001; Wadiche and Jahr, 2005; Tsai et al., 2012). Given 
the location of the presynaptic GLT-1, we hypothesized that the transporter may shield the 
excessive activation of presynaptic group II/III mGluRs present at the immature synapse 
(Hauser et al., 2013). However, we failed to observe any significant differences between GLT-1 
nKO and control littermates to the group II/III antagonist. An example of a presynaptic 
glutamatetransporter that influences synaptic transmission is found in rod bipolar cells of the 
retina (Palmer et al., 2003; Hasegawa et al., 2006). The transporter, EAAT5 regulates synaptic 
transmission by hyperpolarizing presynaptic terminals due to its large anion current (Veruki et 
al., 2006); however, only EAAT4 and EAAT5 have been shown to display prominent anion 
currents making it is unlikely GLT-1 serves a similar role in retinogeniculate presynaptic 
terminals (Sarantis et al., 1988; Fairman et al., 1995; Arriza et al., 1997; Danbolt et al., 1998; 
Dehnes et al., 1998).  
 
Lastly, inhibiting glutamate transporters with the non-selective competitive inhibitor TBOA 
produced similar changes in synaptic currents in both GLT-1 nKO and littermate controls. These 
data suggest that neuronal GLT-1 is not the major transporter responsible for removing 
glutamate early in development. Thus, a functional role for neuronal GLT-1 in synaptic 
transmission at the retinogeniculate contact remains elusive. One potential function of neuronal 
GLT-1 could be to maintain the presynaptic pool of glutamate (Danbolt, 2001). Perhaps future   143 
studies that use the neuronal GLT-1 knockout may help to elucidate whether GLT-1 significantly 
shapes synaptic transmission or has a role in other neuronal processes. 
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CHAPTER 6: 
 
 
Conclusions 
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Conclusions 
A hallmark of mammalian circuit development is the refinement of initially coarse and imprecise 
connections through activity-dependent processes (Hong and Chen, 2011). The mechanisms 
that drive proper circuit refinement have been a subject of great interest (Blaschke et al., 1993; 
Huberman, 2007). Generally, it is assumed that patterned spontaneous activity drives the 
proper wiring of circuits using learning rules first described by D.O.Hebb (Hebb, 1949; Kandel et 
al., 2000; Butts, 2002). Hebbian plasticity rules state that the repetitive stimulation of a 
postsynaptic cell by a presynaptic input causes long-term strengthening of that synaptic 
connection (long-term potentiation, or LTP; (Malenka and Nicoll, 1999)). Conversely, weak 
synaptic inputs not correlated with postsynaptic activity, continue to weaken (long-term 
depression, LTD; (Katz and Shatz, 1996)). LTP is thought to sculpt remarkable synaptic 
specificity, in that only those synapses that are activated become strengthened, while 
neighboring synapses are unchanged (Matsuzaki et al., 2004).  
 
In this dissertation I have described a number of mechanisms that influence excitatory 
transmission at the developing retinogeniculate synapse. It is quite clear that synaptically 
released glutamate is able to escape the synaptic cleft and exert its actions on several types of 
extrasynaptic metabotropic and ionotropic glutamate receptors. These findings are not entirely 
consistent with the notion of synaptic specificity, as interpreted within a strict Hebbian 
framework. Therefore, the rules governing the proper wiring of the retinogeniculate synapse are 
likely richer than previously thought. 
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How might proper synaptic refinement at the retinogeniculate synapse occur in the 
absence of synapse specificity? 
Refinement of this contact could be influenced by small differences in the expression patterns of 
mGluRs. One could imagine that some RGC terminals may express higher densities of these 
receptors and through heterosynaptic activation of neighboring mGluRs undergo a reduction in 
synaptic strength. This is consistent with our findings that the response to mGluRs diminishes 
with age (Hauser et al., 2013). It would be interesting to look at whether synaptic refinement 
occurs properly in mGluR2/3 knockout mice (Linden et al., 2005). 
 
Additionally, it is possible that glutamate spillover could accomplish strengthening of synapses 
without compromising synaptic specificity, an idea suggested by Jeff Diamond (Diamond, 2002; 
Scimemi et al., 2009) that may apply to the developing LGN. The total charge transfer is 
integrated across many synapses onto a single relay neuron. At the immature retinogeniculate 
synapse the strength of individual synaptic inputs is extremely weak early in development. 
However, we’ve shown that prolonged synaptic currents increase the probability of relay neuron 
spiking (Hauser et al., 2014). These prolonged currents are influenced by glutamate spillover, 
asynchronous release, and the expression of NR2C/D in immature NMDARs that are less 
sensitive to magnesium block, all of which contribute to relay neuron firing (Liu and Chen, 2008; 
Hauser et al., 2014). However, whether LTP or LTD is induced is influenced by the 
concentration and timecourse of the calcium signal: fast, high concentrations of calcium (Ca
2+) 
are needed for potentiation, whereas slow low concentrations of Ca
2+ can lead to depression 
(Bienenstock et al., 1982; Lisman, 2001; Ismailov et al., 2004). At the immature synapse the 
concentration of Ca
2+entering NMDARs may not all reach similar concentrations due to the open 
probability of NMDARs and the concentration of glutamate experienced at the site (Chen et al., 
1999; Dingledine et al., 1999). Therefore, it is likely that only receptors near the site of direct 
glutamate release would have enough NMDARs open to lead to a concentration of Ca
2+ great   152 
enough to lead to synaptic strengthening. Receptors further away would allow only a lower 
concentration of Ca
2+ through, and therefore may undergo synaptic depression. This type of 
scenario would result in a ‘center-surround’ arrangement of synaptic weights (Diamond, 2002).  
 
Expanding on this idea, extensive AMPAR desensitization has been shown to occur at the 
retinogeniculate synapse across development (Chen et al., 2002; Budisantoso et al., 2012; 
Hauser et al., 2014). The extent of AMPAR desensitization is linked to the concentration of 
glutamate the receptors experience (Patneau et al., 1993; Dzubay and Jahr, 1999). In fact, 
some AMPARs exposed to prolonged low concentrations of glutamate can enter an “equilibrium 
desensitization” state (Colquhoun et al., 1992), and it has also been suggested that receptors 
can be directly driven into a desensitized state before entering an opening state (Robert and 
Howe, 2003). Therefore, in addition to having different concentrations of calcium enter the relay 
neuron, AMPARs further from the direct release of glutamate are more likely to enter a 
desensitized state. If these AMPAR are present opposing a neighboring RGC bouton, and that 
bouton subsequently releases glutamate, then the synaptic response of the neighboring contact 
will be much less than expected. Therefore, glutamate spillover could potentially act through a 
multitude of actions to lead to the proper and relatively precise wiring of the visual circuit. 
 
Summary  
The experiments in this dissertation explore the synaptic microenvironment of the immature 
retinogeniculate synapse during a dynamic period in development. The data presented here 
suggest that extensive glutamate spillover occurs during this remodeling period and challenges 
the tenet that strict synaptic specificity is needed for the proper formation of this neural circuit. 
Therefore, an interesting topic for future studies will be to identify the principles of plasticity 
responsible for this process. 
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Supplemental Figure 7.1: !-DGG accelerates the AMPAR EPSC Tau at the immature 
synapse in [Ca
2+]o of 1.5 mM 
(A) Superimposed normalized AMPAR-EPSCs in control (blue) and in the presence of 3mM !-
DGG recorded in extracellular solution containing 1.5 mM [Ca
2+]o / 1.5 mM [Mg
2+]o (Bi) Peak 
amplitude of AMPAR EPSC is equally inhibited by both NBQX and !-DGG (ii) !-DGG 
accelerates the AMPAR EPSC tau (n=6, p<0.05). (iii) EPSC decay was fit to a double 
exponential relationship: y0 +A1e(-x/ "fast) + A2e(-x/ "slow), and weighted " = ["fast x A1/(A1 + A2)] +[ 
"slow x A2/(A1 + A2)]. The portion of the decay most sensitive to inhibition is the "slow. Current 
recorded in the presence of CTZ and NMDAR antagonists.  
Bath temperature: 35 ± 1°C. (#) p<0.05. 
 
 
 
 
 
 
 
Supplemental Figure 7.2: The peak amplitude of the slow-rising current is sensitive to 
changes in temperature 
The effects of temperature on the response of the purely spillover-mediated slow rising current 
recorded from an acute slice prepared from a p9 mouse. The AMPAR-mediated response was 
recorded in the presence of CTZ and NMDAR antagonists at Vh=-70mV. Each trace is the 
average of 3-4 individual traces. The peak amplitude at 35°C is on average 11.6 pA, whereas 
the peak amplitude at 20°C is 20.4 pA. (n=1, example). 